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ABSTRACT
SYNTHESIS AND STRUCTURE-PROPERTY RELATIONSHIPS
OF POLYMERIC MEMBRANES FOR SMALL MOLECULE TRANSPORT
SEPTEMBER 2017
HAOMIAO YUAN
B.E., ZHEJIANG UNIVERSITY, CHINA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor E. Bryan Coughlin

One key challenge for alkaline anion exchange membrane fuel cells is the lack of
alkaline stable polycations. The synthesis of random, crosslinked and block copolymers
based on the cobaltocenium phenylene norbornene (NPC) monomer is described. The
polymers were synthesized from ring-opening metathesis polymerization (ROMP) of the
NPC monomer showed excellent thermo-alkaline and thermo-oxidative stability. Random
copolymers, crosslinked networks and amphiphilic diblock copolymers were prepared by
copolymerizing NPC with different hydrophobic monomers: norbornene for random
copolymers, dicyclopentadiene for crosslinked networks and a norbornene dibenzyl ether
monomer for amphiphilic diblock copolymers. Mechanical robust membranes were
prepared from all these copolymers.
Polymers with different architectures exhibited different morphologies. Random
copolymers showed disordered interconnected cobaltocenium domains with ion clusters
present; crosslinked networks showed homogenous distribution of ions; the amphiphilic
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diblock copolymers showed cylindrical microphase separation with the cationic domains
being the continuous phase even though they constituted the minor volume component.
The morphologies of the membranes were found to have little effect on the water
uptake of the membranes, but significantly influenced the ionic conductivity. The
crosslinked membranes showed lower conductivity compared to the random copolymer
membranes at the same composition. However, higher IECs can be achieved by
crosslinking with concomitant improved mechanical integrity relative to their random
copolymer analogs, ultimately allows for reaching higher ion conductivity values. For the
diblock copolymer, formation of a conducting ion channel and elimination of the presence
of ion clusters allowed for significantly higher ionic conductivity than the random
copolymer or the crosslinked networks at the same composition.
Poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate) triblock copolymer was
synthesized for water/alcohol pervaporation separation membrane. A difunctional chain
transfer agent (dCTA) with both reversible addition–fragmentation chain-transfer (RAFT)
and ROMP functionality was synthesized. The triblock copolymers were obtained by
synthesizing narrow-dispersed poly(vinyl acetate) by RAFT and subsequently inserting a
polybutadiene block by ROMP. The polymers were cast as thin membranes, and the
polybutadiene was crosslinked by UV radiation for mechanical robustness. Solid state
hydrolysis afforded poly(vinyl alcohol)-b-polybutadiene-b-poly(vinyl alcohol) membranes.
Different compositions of the polymers resulted in different morphologies. A longer
polybutadiene block or a shorter poly(vinyl alcohol) block contributed to stronger phase
separation. This study invented a new methodology to construct amphiphilic triblock
copolymers with well-defined morphologies.
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CHAPTER 1
INTRODUCTION

1.1 Overview
Membrane technologies are one of the emerging advances of the 21st century. Membranes
are barriers for two regions having different composition, but selectively allow certain species to
transport through the barrier. Membrane technologies cover many approaches and scales for
transport, from as small as the membrane of a living cell, to as large as the industrial desalination
process.1-4 The selective permeability depends on either the size of the permeates, or the chemical
properties of the permeates.5,6 There are different structures of the membranes, from porous
membranes for filtration, to non-porous reverse-osmotic membranes. Compared to traditional
methods to separate mixtures, membrane technologies are cost, energy and time efficient. With
more elaborate applications, membranes with complicated structures are needed to meet extreme
performance requirements. Advanced polymer synthetic techniques, such as nitroxide mediated
polymerization (NMP),7 atom transfer radical polymerization (ATRP),8 reversible additionfragmentation chain transfer (RAFT),9 ring-opening metathesis polymerization (ROMP),10 have
all enabled development of membranes with various complex structures to further expand the
application range and efficiency of membrane technologies.
Two major kinds of membranes, ion-exchange membranes and pervaporation separation
membranes, will be introduced in this chapter. Ion-exchange membranes act as a barrier for one
type of ions while allowing the counter-ions to go through by carrying positively or negatively
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charged moieties. Pervaporation separation membranes are selectively permeable to certain low
boiling point solvent to achieve liquid mixture separation.

1.2 Alkaline Anion Exchange Membrane for Fuel Cells
A fuel cell is a device that converts chemical energy directly into electric energy.
Compared to the conventional methods to generate electricity, which first converts chemical
energy to thermal energy by combustion, then works to spin the turbine to generate electric energy,
fuel cells bypass the limitation of Carnot efficiency (41%) and can reach an efficiency as high as
80%.11
A fuel cell generally contains three key components, a cathode, an anode, and an
electrolyte.12 The fuel is oxidized at the anode and releases electrons to an external circuit. At the
cathode, oxygen gets reduced by the electrons that are generated from the anode and pass through
the external circuit. The accumulated charged species at the electrodes are carried by the
electrolytes and transferred from one electrode to the other, to keep the electrodes neutral. The
electrolyte concentration maintains a dynamic equilibrium by being generated at one electrode
and consumed at the other one at the same rate.
Fuel cells are classified under four categories based on the electrolyte they use: hightemperature fuel cells including molten carbonate fuel cell (MCFC) and solid oxide fuel cell
(SOFC),13,14 phosphoric acid fuel cell (PAFC),15 alkaline fuel cell (AFC),16 and proton exchange
membrane fuel cell (PEMFC).17 MCFC and SOFC operate at temperatures between 600-1000 oC,
limiting their use to stationary applications. PEMFC and AFC both work at low temperature (<100
o

C), allowing them to be used in either stationary applications, or portable devices.
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Currently, newly developed PEMFCs occupy the majority of the fuel cell market. PEMFC
consists of two porous electrodes, a proton exchange membrane, charge carriers (hydronium ions),
catalyst layer (platinum) and fuel feeding system shown schematically in Figure 1.1.18 Among
these components, the proton exchange membrane is the one factor we will focus our attention on
as this is most often a polymer. It is made of a polymer electrolyte carrying covalently bound
negatively charged functional groups that allow positive charged hydronium ions to pass through
the membrane.

Figure 1.1 Schematic of a typical PEMFC19 (left) and chemical structure of Nafion® (right)

Nafion® is a fluorinated random copolymer developed by DuPont in the 1960s (the structure is
shown in Figure 1.2). The perfluorinated structure of this polymer affords excellent
electrochemical, chemical and thermal stability as well as proton transport.20 Sulfonic acid groups
provide negative charged functionalities that facilitate the transport of protons. Several models
have been proposed to explain the morphology of Nafion®, for example Gierke’s cluster,21 and a
polymer-bundle model.22,23 The most widely accepted proposal is the water channel model.24 It
describes an inverted-micelle structure: the semi-crystalline backbones form cylinder structures;
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randomly packed water channels are in the center of the cylinders with the surrounding
hydrophilic side branches. Because of the poor solubility of Nafion®, it is very difficult to
determine its exact structural information, such as molecular weight and distribution. Thus,
existing models are all contentious and do not perfectly fit to all of the experimental observations.

Figure 1.2 Chemical structure and proposed morphologies of Nafion®21-24

Though Nafion® is already commercialized, the cost of the fuel cell, especially the
precious metal catalysts are still too high. In acidic conditions, the reaction kinetics are fairly slow
compared to alkaline conditions.25 As a consequence, noble metal catalysts, such as platinum have
to be used, that tremendously increases the expense. In addition, the oxygen reduction reaction is
sluggish, generating peroxide and other highly reactive species. Furthermore, because the protons
diffuse in the same direction as the fuel feed, fuel crossover through the membrane is facilitated
by convection, and is a very difficult problem to solve. All these factors decrease the lifetime and
the efficiency of a proton exchange membrane fuel cell.

Alkaline fuel cells were the first practical fuel cells.26 NASA recognized its great value in
the 1950s and used it for the Apollo program and later the Space Shuttle program. AFC were
developed and studied extensively throughout the 1960s to the 1980s, being, at that time the most
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mature fuel cells.25 These AFCs have lower cost and high efficiency (70%) and lower operational
temperature than a corresponding PEMFC.27 The fast electrode kinetics allow the use of non-noble
metals as catalyst, therefore largely decreasing the cost of the device. The electrode half-reactions
are shown in Figure 1.3.
However, there are some crucial disadvantages of AFC. Potassium hydroxide solutions
react with carbon dioxide present in air, forming potassium carbonate salts, which precipitate on
the electrodes, blocking the surface, and thus reducing the efficiency of the fuel cells. This also
causes the loss of electrolyte.28 Besides, the corrosive nature of the base solution can cause severe
leakage problems. Because of these factors, research on alkaline fuel cells was abandoned for a
while.

Figure 1.3 Schematic alkaline anion exchange membrane fuel cell27

Recently, alkaline anion exchange membrane fuel cell (AAEMFC) opportunities have
rejuvenated this area of research. Similar to PEMFC, AAEMFC replaces the electrolyte solution
with a polyelectrolyte membrane, the central green component shown in Figure 1.3. In addition
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to solving the leakage problems, there are no free potassium cations in the system, therefore no
potassium salt precipitate will be generated. The absence of the potassium hydroxide tank
dramatically shrinks the overall volume of the fuel cell units, further increasing the potential for
general applications. In addition, methanol oxidation is accelerated under basic conditions
allowing the use of liquid methanol, instead of hydrogen gas, as the fuel, boosting the storage
efficiency. Methanol crossover can also be minimized because the hydroxide conduction direction
is opposite to the methanol crossover direction.
Among all the components of an AAEMFC, the development of an anion exchange
membrane is an important goal. This membrane must facilitate transport of hydroxide anions
while also separating the anode and cathode to prevent shorting. The key properties of AEM are
thus both mechanical stability and ionic conductivity.27,29 Mechanical stability is heavily
dependent on the polymer backbone composition. Any esters and amides will be hydrolyzed under
basic conditions, most common backbones for AEMs are based on all carbon units, or with ether
linkages. Typical polymeric backbones are listed below, shown in Figure 1.4.
Polysulfone is a widely-studied material in the alkaline fuel cell field. It has a high Tg with
excellent mechanical properties. The aromatic structure affords acid and base resistance for a pH
range of 2-13. The resistance to high temperature allows fabrication of membranes through melt
processing. Presence of the strong electron withdrawing sulfone groups enable chemical
modification of the aromatic rings at the ortho position.30-32 However, sulfone groups also make
the backbone prone to nucleophilic attacks at the same position.33
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Figure 1.4 Examples of AEM with different backbone materials33-36

Poly(2,6-dimethyl phenylene oxide) (PPO) is another aromatic polymer that is used for
alkaline fuel cell membranes. It is an amorphous plastic with a high Tg and one of the most widely
used engineering plastics. Its aromatic structure offers great mechanical properties and thermal
resistance. Without the strong electron withdrawing sulfone group, the chemical stability of this
polymer backbone is greatly improved compared to polysulfone.37 The chemical modification can
be performed at either the benzyl or the aryl positions.38,39
Polystyrene (PS) is one of the most studied polymer due to its versatility and ease of
synthesis using various polymerization methods. Although PS itself is a very brittle material, it
can be modified by attaching cationic groups to be flexible in water due to swelling.40 The
modification of styrenic polymers can be done by either brominating poly(4-methyl styrene) on
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the benzyl position,41 or chloromethylation of polystyrene aromatic ring on the ortho or the para
positions. Quaternization can then be accomplished by nucleophilic substitution with various
amine derivatives.42 Many quaternized PS derivatives have been synthesized by these routes. For
example, several ion exchange resins are made from polystyrene and polydivinylbenzene
derivatives, such as IRA-400.43
Materials based on cyclic olefins are rapidly developing lately due to access to Grubbs’
catalyst and ring-opening olefin metathesis polymerizations. Compared to the high temperature
and high pressure conditions necessary for polyethylene and polypropylene syntheses from
ethylene or propylene monomers, ROMP paves the way to synthesize polyolefins under a much
milder set of conditions: usually at ambient conditions. All-carbon backbone polymeric structures
ensure chemically stability. For example, polycyclooctene can be easily synthesized by ROMP
from cyclooctene. The hydrogenation product of this polymer is polyethylene, which is an ideal
backbone due to its chemical inertness and associated good mechanical properties. The versatility
of ROMP permits the use of functional monomers for polymerization, largely decreasing the
component uncertainty caused by post polymerization modification. Coates et al. have done
tremendous work in this area.44-46 Norbornene derivatives were first used due to fast
polymerization rates. The obtained copolymers showed both good mechanical and transport
properties. Recently their work reported that functionalized polycyclooctenes, which was
synthesized starting from cyclooctadiene, expanding the possible scope of functional groups.
The primary function of an AEMs is to transport hydroxide ions. Thus, understanding the
transport mechanism inside the polyelectrolyte membranes is very important. The mechanisms of
hydroxide transport are similar to proton transport.47 Generally, three transport modes are involved;
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Grotthuss mechanism, diffusion and convection (shown in Figure 1.5). Due to the size and mass
difference, hydroxide transport is slower than proton transport.

Figure 1.5 Hydroxide transport mechanisms47
The Grotthuss mechanism is unique for proton and hydroxide transport.48-50 Take
hydroxide for example: instead of the bulk movement of a hydroxide ion, transported can be
achieved by the transformation of the original hydroxide on one side of the membrane and
regeneration on the other side of the membrane though a proton abstraction cascade process with
water. The hydroxide ion first forms hydrogen bond with a water molecule, abstraction of a proton
from water generates a new hydroxide ion. The previous water molecule now becomes a hydroxide
ion and repetition of this process can occur with other nearby water molecules. In water, this type
of exchange happens very fast, on average every 4-10 ps.51 At the end, the net consequence is that
hydroxide ions are transported through the hydrogen bond network much faster than would be
possibly by bulk diffusion.52 That is the reason, for example why hydroxide transport is 1.5 to 3
times faster than fluoride ion transport even though both ions have similar size and mass.53,54 Ion
diffusion plays only a secondary role as diffusion is caused by a concentration gradient between
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the two electrodes. In an AAEMFC system, the hydroxides are generated at the cathode and fully
consumed at the anode. A constant concentration gradient drives the diffusion of the hydroxide
ions. Simultaneously with the transport of hydroxide, the water molecules surrounding the
hydroxides are dragged across the membrane. As a result, a convection stream of water is created,
and further facilitates the hydroxides transport.
The critical issue of material suitability for alkaline anion exchange membranes is that they
could degrade under the harsh alkaline conditions.55 Degradation of both the backbones and the
cationic groups can occur. The latter is of more a concern because it decreases the ion exchange
capacity (IEC) of the material and compromises ionic conductivity. There are only a limited
number of cationic groups reported to be stable under alkaline conditions.26 The most widely used
are listed below, in Figure 1.6.

Figure 1.6 Cationic groups in AEMs: ammonium, phosphonium, imidazolium and
pyridinium

Quaternary ammonium ions, especially trimethyl ammonium derivatives, are the most
widely used cationic groups. It can be easily synthesized by reacting halogen substituted polymers
with aqueous solutions of trimethyl amine. The stability of ammonium cations with different
spacer chain lengths,56 and different quaternizing agents has been carefully studied.57 It is shown
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that longer spacer between nitrogen atoms and the backbones, and using cyclic ammonium ions
can significantly increase alkaline stability.
Phosphonium ions have been shown to be less stable than ammonium ions with similar
substituents.58-60 However, employing bulky and electron donating quaternary groups stabilize
phosphonium ions by both the enrichment of the electron density and the steric hindrance.58
Imidazolium is another cation that has been largely used.31,40,61-63 Like phosphonium, the
stability of parent imidazolium is not good enough for harsh alkaline conditions, but with long
alkyl chain modification on the nitrogen atoms,64 and adjacent carbons,65 relatively high stability
can be achieved. The stability is contributed by the steric hindrance and higher lowest unoccupied
molecular orbital (LUMO).
Pyridinium ions can be easily synthesized but are fairly unstable cations. Degradation leads
to the formation of a pyridone.66 By quaternizing pyridine with an alkyl halide, commercialized
poly(4-vinyl pyridine) and poly(2-vinyl pyridine) can be easily turned into their corresponding
polycations. Another route is to use pyridine to react with 4-chloromethyl styrene, similar to the
procedure to obtain trimethyl ammonium derivatives, which also requires the use of less toxic
reagents.67
The primary degradation path of cations are nucleophilic attack and Hofmann elimination
(for ammonium ions),68-70 as shown in Figure 1.6. Take a quaternary ammonium ion as an example,
nucleophilic attack by the hydroxide ion may occur at the carbon next to the nitrogen. As a result
of the reaction, methanol and trimethyl amine are formed. Through Hofmann elimination, the
hydrogens β to the nitrogen will be abstracted, and the subsequent rearrangement affords
trimethylamine and an alkene.
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Figure 1.7 Degradation mechanisms of trimethyl ammonium group by hydroxide anions68

To mitigate, or prevent, these degradation pathways, various synthetic strategies have been
applied. The rate of direct nucleophilic attack can be slowed down by using a cyclic ring to block
against nucleophilic attack sterically.57 The same strategy can be applied to prevent direct
nucleophilic displacement. To block the Hofmann elimination reaction, synthesis of ammonium
ions without β-hydrogens is the primary strategy. Also, applying stable electron-donating
functional groups will decrease the affinity of cations towards nucleophilic attack, stabilizing the
molecule. For example, bulky side-groups were used to protect the cations from nucleophilic attack
of the hydroxyl ion.68 Coates et al. reported tetrakis(dialkylamino) phosphonium, a bulky cation
considered to be most stable cation to date, with nearly no detectable degradation after being tested
under harsh alkaline conditions (1 M KOH(aq.), 80 oC) for 20 days.46 Holdcroft et al. used 2,512

dimethyl benzene groups to provide steric shielding for an imidazolium cation.71 Recently,
ammonium cations having long spacer chains or spirocyclic structures were studied. Some exhibit
extraordinary alkaline stability.57,72,73

Figure 1.8 Examples of applying complicated steric shielding to improve cation stability46,74

However, the syntheses of all the above-mentioned cations were generally complex, and
the strategy to attach these cations onto a polymer backbone with stable linkage remains a
challenge.72,75 To develop easily-synthesized cations, to increase alkaline stability of anion
exchange membrane, and to increase the ionic conductivity are key priorities in AEM area.76

1.3 Pervaporation Membranes
There is a constant need to separate liquid mixtures in many application areas, for example
water treatment, biological separation, and industrial solvent purification.77-80 The traditional
method to concentrate one liquid from another is by distillation, through which the mixture is
heated to the boiling point of one component, then condense the vapor into a different container.
A typical example is to concentrate alcohols from a water/alcohol mixture for use as an industrial
solvent, or beverage. However, because distillation involves a liquid-gas phase transition such a
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process consumes a large amount of energy. In addition, there is usually an azeotropic point for
water and alcohol mixtures, where the composition of liquid phase is the same as the gas phase,
preventing further purification. Thus, the purity of the product is limited to the composition at the
azeotrope.
Membrane separation techniques offer an alternative method for purification or
concentration.81 Using selective permeable membranes greatly decreases energy costs and can
simplify operational designs. For low molecular weight alcohols, pervaporation is the most
commonly used membrane separation technique.82,83 It is based on the absorption and permeability
difference between the various components in the liquid mixture towards a polymeric membrane.
In such a process, the feed stream is added to one side of the membrane. The desired component(s)
permeates through the membrane. The other side of the membrane is held under reduced pressure
to evaporate the permeate as soon as it crosses the membrane barrier, and is then collected
afterwards by condensation. The retentate is left in the feeding steam. This process is illustrated in
Figure 1.8. The purity of the final product(s) depends on the difference of the transport rate of the
individual components.84,85
One of the most important components of pervaporation is the polymeric membrane.86
Pervaporation membranes fall into two categories, homogeneous membranes and composite
membranes.87 Both mechanical properties and selective permeability are required. The
homogeneous membranes are easily prepared, but offer lower permeation flux than the composite
membrane due to a much larger thickness of the homogeneous membrane to be self-standing on a
porous substrate. Therefore, developing mechanically robust homogeneous membrane is a
promising research direction.
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Figure 1.9 Schematic of the vacuum pervaporation process86

For membrane applications, the Tg or Tm of the materials needs to be above the operational
temperature.81 The reason is that in the rubbery state, the chain movements of the polymer enable
all kinds of small molecule to readily diffuse, largely decreasing the selective permeability. To
mitigate this chain movements, the materials are required to be used under Tg or Tm.
Poly(vinyl alcohol) (PVOH) is a widely-studied polymer for membrane applications.88-91
It has good chemical, thermal, and mechanical stability. It also has excellent film forming,
emulsifying, and adhesive properties due to hydroxyl groups. It is resistant to oil, grease and
solvents, and a high anti-fouling potential. The Tm is 230 °C contributed by the strong hydrogen
bonding. However, the homopolymer is unsuitable for membrane application because it is water
and alcohol soluble. To overcome this problem, PVOH is usually bended with other water
insoluble materials or crosslinked to form membranes.92-95 The affinity between physical bonds
are not as stable as chemical ones. Heat treatment, acid-catalyzed dehydration, irradiation, and
15

using crosslinking agents are the common chemical crosslinking methods.96 Among them, using
chemical agents to react with the hydroxyl group is the easiest method. It increases the robustness
while consuming some of the OH groups responsible for the hydrophilicity. When the crosslinking
is sufficient to support a free-standing membrane, the membrane shows decreased hydrophilicity.
As a result, it often shows significant reduction of the flux.96
To overcome this challenge, polymeric membranes with well-defined structures have been
prepared, for example interpenetrating networks (IPNs).95,97,98 One typical material being used is
poly(acrylic acid) (PAA).97 The acid group on PAA and the hydroxyl group on PVOH form ester
bonds. IPN has been prepared by polymerization of acrylic acid in a matrix of PVOH. For these
membranes, the two components are both hydrophilic so that both the polymer and the monomer
are well-dissolved in the solvent. Therefore, the membranes prepared by this method are too
hydrophilic and have weak mechanical properties upon swelling by water.
Amphiphilic diblock copolymers can provide a better balance between flux and mechanical
stability. The microphase separation of the block copolymer will afford separate domains.99 The
interconnected hydrophilic domains can enhance the transport properties and the hydrophobic
domains can improve the mechanical strength of the membranes. The morphology influence on
membrane transport properties has been well-studied.100-102 Results showed that at the same
composition, lamellar morphology contributes to better transport rate than cylindrical morphology,
which is better than a spherical morphology. Increasing the domain size results in both improved
mechanical properties and an increase in flux of the permeate.

16

Figure 1.10 Microphase separation of amphiphilic diblock copolymer99

Using ABA triblock copolymer can further benefit the mechanical properties compared to
a diblock copolymer because of more entanglements.103,104 When the A block is hydrophilic and
B block is hydrophobic, an ABA triblock copolymers can exhibit rapid swelling upon contact with
water and increase the flux.105 However, the synthesis of PVOH diblock copolymers is
synthetically challenging. The reason is that the precursor of PVOH, poly(vinyl acetate) (PVAc),
is not compatible to copolymerize with other common monomers.106 One can image that a PVOH
triblock copolymer will be even more difficult to synthesize.

1.4 Format of the Dissertation
Two types of polymeric membranes materials will be discussed, including both alkaline
anion exchange membranes and pervaporation membranes. Using elaborate synthetic techniques,
well-defined novel polymers were synthesized. The polymers were processed into durable
membranes, and the morphologies of these membranes have been characterized. Evaluations
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showed that improvement of membrane properties were achieved, including chemical stability and
transport properties. Through these efforts, a better fundamental understanding of structureproperty relationships was revealed in this thesis.
In chapter 2, the synthesis of a cobaltocenium-containing norbornene derivative is
described. This novel monomer can be homopolymerized or copolymerized with norbornene by
ROMP in quantitative yields. The composition of the random copolymer can be precisely
controlled by adjusting the feed ratio of the respective monomers. The polymers were cast into
thin robust membranes. The morphologies of the membranes were characterized by humidity
controlled SAXS and TEM, showing disordered interconnected cobaltocenium domains. The high
ionic conductivity obtained suggests that such membranes are good candidates for anion exchange
membranes. The findings of this study promise a new class of alkaline stable cationic materials,
and the methodology to prepare thin durable membranes.
In chapter 3, preparation of cobaltocenium-containing crosslinked polymer networks is
described. The same cobaltocenium-containing norbornene derivative was used as the hydrophilic
monomer, and a crosslinkable monomer dicyclopentadiene (DCPD) was used as the hydrophobic
monomer. The membranes were obtained directly during the polymerization as thermoset
materials. The morphologies of the membranes were characterized by SAXS and TEM. Compared
to the random copolymer described in chapter 2, fewer features were observed for crosslinked
polymer. Crosslinked membranes showed lower conductivity compared to random copolymer
membranes at the same composition. With the crosslinked membranes, it was possible to reach
higher IEC with good mechanical integrity, they achieved higher conductivity. The findings of this
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study highlighted that crosslinking heavily influences the ion connectivity, ionic conductivity, and
mechanical robustness of a membrane.
In chapter 4, the synthesis of cobaltocenium-containing amphiphilic block polymers is
described. The diblock copolymers were prepared by the “living” ROMP of cobaltoceniumcontaining norbornene derivative and a norbornene dibenzyl ether monomer. Thin, durable
membranes were prepared by drop-casting the copolymer solutions. X-ray scattering and
transmission electron microscopy (TEM) revealed that across the investigated volume fractions,
the cationic domains in the block copolymer were the continuous phase even though they are the
minor composition in some cases. Despite the relatively low IEC, highly conductive membranes
with low water absorption were obtained. Block copolymers showed significant higher ionic
conductivity than the random copolymer at the same composition. This study showed that the
microphase separation, and the formed interconnected ionic domain significantly benefit the ion
transport.
In chapter 5, the synthesis of poly(vinyl acetate)(PVAc)-b-polybutadiene(PBD)-bpoly(vinyl acetate)(PVAc) triblock copolymers by a RAFT- ROMP tandem synthetic method was
systematically investigated. The copolymers have potential applications for water/alcohol
pervaporation separation membrane. A difunctional chain transfer agent (dCTA) with both RAFT
and ROMP functionalities was synthesized in large scale. Narrow-dispersed PVAc was
synthesized by using this dCTA first for the polymerization of vinyl acetate, then in a second step
utilizing ROMP to insert the middle PBD block by ROMP of cyclooctadiene. The obtained triblock
polymers were cast as thin membranes. Following UV crosslinking, solid state hydrolysis of the
membrane afforded PVOH-b-PBD-b-PVOH. Different compositions of the polymer resulted in
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different morphologies. Apart from the morphology study, the PBD block in PVAc-b-PBD-bPVAc copolymers was hydrogenated to polyethylene to increase the chemical resistance. The final
product PVOH-b-PE-b-PVOH can be obtained by the hydrolysis of PVAc-b-PE-b-PVAc triblock
copolymers, showing clear microphase separation. The study invents a new method to construct
amphiphilic triblock copolymers with well-defined morphology.
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CHAPTER 2
COBALTOCENIUM-CONTAINING RANDOM COPOLYMERS FOR ALKALINE
ANION EXCHANGE MEMBRANES

2.1 Introduction
The electronic configuration of a cation is strongly related to the corresponding alkaline
stability. Stable cations are usually closed valence shell electron structures. For example,
ammonium, phosphonium and imidazolium, the heteroatoms in these cations all have 8 valence
shell electrons.
Cobaltocene was discovered shortly after the discovery of ferrocene.1-5 It is a 19 valence
electron organometallic complex. By losing one electron, the generated cobaltocenium cation
reaches a stable 18 electrons closed valence shell structure. Therefore, cobaltocenium itself acts
similarly to alkali metal cations, displaying great thermal and alkaline stability.6,7 Cobaltocenium
was reported to survive 4 days at 175 oC in the presence of NaOH.8 Previously, the Coughlin group
studied the stability of cobaltocenium hexafluorophosphate in 2 M NaOH at 80 oC for 30 days,
which showed almost no degradation.9 More importantly, cobaltocenium can be attached to a
polymer through the cyclopentadienyl rings. The oxidation potential of hydrogen is -0.40 V and
the reduction potential of oxygen is +0.83 V versus the standard hydrogen electrode (SHE) at pH
= 14.10-12 The reduction potential of Co(III) to Co(II) for cobaltocenium is at -0.6 to -0.8 V, lower
than that for oxygen, indicating that cobaltocenium will not be reduced to cobaltocene under
alkaline fuel cell operational conditions.13
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Polymers with cobaltocenium in the backbone have been synthesized, but in general, they
suffer from relatively low synthetic yield.14-18 Although the same strategy as the synthesis of
backbone ferrocene polymers can be applied to cobaltocenium, the solubility of the cationic
polymers is always more problematic.19 The first attempt to synthesis cobaltocenium polycations
was by a method similar to the synthesis of cobaltocene: two sodium cyclopentadienyl rings
tethered by an alkyl spacer were allowed to react with cobalt(II) chloride salt. The generated
cobaltocene polymer was then oxidized by the addition of hydrochloric acid.14 However,
cyclization side reactions prevented the formation of long polymer chains. Instead of synthesizing
polycobaltocene then oxidizing it to polycobaltocenium, directly polymerizing monomers with
cobaltocenium groups is more facile because cobaltocene is highly sensitive to water and oxygen
while cobaltocenium is stable under atmospheric conditions. Condensation polymerization has
been applied for preparing a backbone cobaltocenium polymer. By this strategy, cobaltocenium
functionalized polyimides and polyamides, were synthesized.18,20 However, the condensation
reaction requires a high conversion to reach a high molecular weight, and harsh conditions usually
are applied. The integrity of cobaltocenium could be comprised as a consequence. Besides, the
solubility of these polymers was still problematic during the reactions.
Another route is to synthesize side-chain cobaltocenium containing polymers. Compared
to backbone cobaltocenium polymer, cobaltocenium modified monomer can be polymerized by
multiple polymerization methodologies, obtained in higher yields and with well-defined polymeric
structures. Tang et al. have synthesized acrylate derivatives of cobaltocenium monomers that can
be polymerized by ATRP, RAFT and norbornene derivatives of cobaltocenium monomer that was
polymerized by ROMP.21-27 Astruc et al. used the hydroamination reaction to synthesize
norbornene based cobaltocenium monomers and used copper-catalyzed “click” chemistry to
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synthesize dendrimers.28-31 However, all of the polymeric structures listed above, contain either
esters, 1,2,3-traizoles and imides, and are all thus susceptible to degradation at high pH. The
alkaline stability of a recent AEM report using imidazole as the linkage for cobaltocenium is also
questionable.32 The only reliable example of an alkaline stable cobaltocenium polymer is that by
Yan and Coughlin et al. who reported a permethyl cobaltocenium grafted polysulfone showing
excellent alkaline stability.33 However, the polymer was achieved by post-polymerization
modification, and it was difficult to control the composition. Moreover, a secondary amine bond
attaching cobaltocenium to polymer backbone is a potentially vulnerable site towards nucleophilic
attack.
In previous work from the Coughlin group, an all carbon connection styrenic
cobaltocenium monomer has been synthesized and showed excellent alkaline stability.9 The
homopolymer was found to be very brittle, and thus a comonomer was required to allow for
formation of a pliable membrane. However, due to solubility challenges, only free radical
copolymerization could achieve a homogenous polymerization. This afforded a poorly-defined
structure with only low ion exchange capacity (IEC). Moreover, the use of hexyl methacrylate as
the comonomer comprised the alkaline stability for alkaline fuel cell applications.
Polynorbornene is an alkaline stable polymer with good mechanical properties. It can be
prepared by ROMP, has a fast polymerization kinetics, and the catalysts used for polymerization
can tolerate a wide variety of functional groups. ROMP is a power tool for polyelectrolyte
synthesis.34 By using the fast initiating Grubbs’ 3rd generation catalyst, norbornene and its
derivatives can be rapidly polymerized with quantitative yields.35 In this chapter, a norbornene
cobaltocenium derivative and its corresponding copolymers will be discussed for AEM application.
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2.2 Experimental
2.2.1 Materials
Unless otherwise noted, all reagents were used and used as received, without further
purification. Cobaltocenium hexafluorophosphate was purchased from Strem Chemicals Inc.
Triphenylcarbenium hexafluorophosphate (98%), n-butyllithium 2.5 M in hexane, 1-bromo-4iodobenzene (98%), norbornadiene (97%), triethylamine (Et3N) (99%) and formic acid (97%)
were purchased from Alfa Aesar. Gubbs’ 3rd generation catalyst was prepared using reported
procedure.35 Bis(triphenylphosphine)palladium(II) (PdCl2(PPh3)2) and 3-(trimethylsilyl)-1propanesulfonic acid sodium salt (97%) were purchased from Aldrich and used as received. All
solvent (ethyl ether, dichloromethane, tetrahydrofuran and anhydrous dimethylformamide) were
purchased from Fisher Scientific. Tetrahydrofuran (THF) was distilled over sodium/benzophenone
mixture under nitrogen. Dichloromethane (DCM) was distilled over calcium hydride under
nitrogen. Deuterated NMR solvent was purchased from Cambridge Isotope Laboratories.

2.2.2 Characterization
1

H NMR (500 MHz),13C NMR (125 MHz) and 19F NMR (470 MHz) spectra were obtained

on a Bruker Ascend-500 MHz Spectrometer using the residual solvent protons as the internal
standard. Fourier transform infrared (FTIR) spectroscopy was performed on a Perkin-Elmer
Spectrum 100 with a universal ATR sampling accessory at room temperature. Thermal
gravimetrical analysis (TGA) was conducted under air with TGA Q500 from TA Instruments. A
5-10 mg sample was first equilibrated at 25 °C and then heated to 700 °C with a temperature ramp
rate of 10 K/min. ESI mass spectra were collected at the UMass-Amherst Mass Spectrometry
Center. GPC was performed in TFE with 0.02 M sodium trifluoroacetate at 40 °C using an Agilent
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1200 system equipped with an isocratic pump operated at 1 mL/min. Cyclic voltammetry (CV)
measurements were done with a Bioanalytical Systems Inc. (BASi) EC Epsilon potentiostat, using
a three-electrode configuration consisting of a glassy carbon working electrode, an Ag/AgNO3
(0.01 M in acetonitrile) reference electrode, and a Pt wire counter electrode in tetrabutylammonium
hexafluorophosphate electrolyte solution (0.1 M) in DMF. Measurements were calibrated to the
ferrocene/ferrocenium redox couple (Fc/Fc+) as an external reference. SAXS were performed at
The Basic Energy Sciences Synchrotron Radiation Center (BESSRC) at the Advanced Photon
Source at Argonne National Lab on beamline 12 ID-B. A Pliatus 2 M SAXS detector was used to
collect scattering data with an exposure time of 1 s. The X-ray beam had a wavelength of 1 Å and
power of 12 keV. The intensity (I) is a radial integration of the 2D scattering pattern with respect
to the scattering vector (q). Temperature and humidity were controlled within a customized sample
oven as described previously.36 Typical experiments studied three membrane samples and one
empty window so a background spectrum of the scattering through the Kapton windows and
nitrogen environment could be obtained for each set of experimental condition. The humidity of
the sample environment was controlled by mixing heated streams of water saturated and dry
nitrogen. Sample holders were inserted into an oven environment of 60 °C and < 10% relative
humidity. The samples were allowed to dry for 40 min before X-ray measurements were taken.
Relative humidity was then ramped to 25%, 50%, 75%, and 95% while the temperature was
maintained at 60 °C. The equilibrium time before taking an X-ray spectrum was 20 min between
dry, 25%, and 50% and increased to 40 min between 50%, 75%, and 95% RH. Soaked membranes
were dipped in water for at least 12 h and quickly mounted to the sample holders at 95% RH and
subjected to SAXS testing. TEM was performed on samples prepared using a Leica UCT
ultramicrotome equipped with a cryostage. Sections approximately 50 nm in thickness were cut
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using a Diatome diamond knife. High-angle annular dark field scanning TEM (HAADF STEM)
was performed using a JEOL JEM-2100F TEM, operated at 200 kV. A Gatan 806 HAADF STEM
detector was used to collect the dark field images. The TEM was operated at 200 kV, with a 40
μm condenser aperture, a HAADF STEM collection angle of 36−126 mrad, and spot size of 0.2
nm. A Gatan digital micrograph was used to collect and analyze the data. In bright field images,
low-Z regions appear bright and high-Z regions are dark.
Water uptake of the membrane was tested by dynamic vapor sorption. The samples, after
drying in a vacuum oven overnight, were loaded into a glass sample pan hanging from an
ultrasensitive microbalance. The relative humidity was achieved by proportionally mixing dry gas
(nitrogen) and a second water vapor stream controlled by a mass flow controller. The temperature
of the experiments was set to 60 °C for the different humidity cycles. Samples were first kept at
0% RH for 8 h; then the humidity was increased in the sequence: 20%, 40%, 60%, 80%, 95%, and
then deceased to 0% with the same humidity steps. Each humidity condition was held for 2 h and
the cycle was run twice. The equilibrium mass at the end of each step was used to calculate the
water uptake from the isotherm of mass versus relative humidity. The water uptake was calculated
according to equation

mRH = mass of the sample under different relative humidity; m = mass of the sample under 0% RH.
The hydration number, λ, representing the number of water molecules per cationic group was
calculated from equation
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MH2O = molar mass of water.
In-plane ionic conductivity was calculated by use of electrochemical impedance
spectroscopy (EIS) based on the measurement of the ionic resistance. The Randle’s equivalent
electrical circuit was used to fit the measured Nyquist Plot. The intercept at the lower frequency
was used to determine the total ionic resistance. The frequency range was from 0.4 to 105 Hz with
a fixed voltage magnitude of 10 mV. The membrane was mounted in a four-electrode cell
connected to a BioLogic VMP3 multichannel potentiostat. The conductivity was calculated from
the equation shown below. σ = 1/RSL (5) σ = conductivity, (S/cm); R = resistance, (Ω); S = cross
section area of the membrane, (cm2); L = length of the membrane tested between two electrodes,
(cm). An environmental chamber (Test Equity) was used to control both humidity and temperature
during the experiment. The measurements were performed from 50 to 90 °C under 95% RH. Each
testing condition ran for 16 loops with the first 8 loops for membrane equilibration under the
conditions and the last 8 loops for data analysis. For hydroxide conductivity measurement, Clform membrane was soaked in 1 M KOH for 20 h followed by rinsing with degassed deionized
water until the rinsed water had a neutral pH. Then the membrane was mounted and sealed into a
four electrodes Bekk Tech conductivity cell. All the above procedures were performed in a CO2
free glove box. OH conductivity was measured in an air isolated experimental environment, which
is purged with UHP nitrogen gas.
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2.2.3 Synthesis of 5-exo-(4-bromophenyl)bicyclo[2.2.1]hept-2-ene (1)

Figure 2.1 Synthesis of PNCPF6 Monomers (3)
1 was synthesized following a reported procedure.37 To 1-bromo-4-iodobenzene (6.90 g,
24.4 mmol) and PdCl2(PPh3)2 (172.9 mg, 0.244 mmol) in 10 mL DMF, was added norbornadiene
(6.90 g, 75.1 mmol), Et3N (7.99 g, 78.9 mmol), and formic acid (2.36 g, 51.3 mmol). The reaction
flask was then heated to 50 oC for 1 h. The solution was transferred to a separatory funnel, then
extracted with 50 mL 10% HCl aqueous solution and 50 mL hexane. The organic phase was
extracted twice with 50 mL 10% HCl aqueous solution, and the combined aqueous layers washed
twice with 50 mL hexane. The combined organic layers were dried with MgSO4 and then filtered
through a silica pad with hexane. Evaporation of the residual solvent afforded the product (4.70g,
77%) as a colorless oil. 1H NMR (400 MHz, CDCl3, ppm): δ 7.40 (d, 2H, J = 8.4 Hz), 7.15 (d, 2H,
J = 8.3 Hz), 6.24 (dd, 1H, J = 5.6, 3.2 Hz), 6.17 (dd, 1H, J = 5.6, 2.9Hz), 2.97 (bs, 1H), 2.87 (bs,
1H), 2.66 (dd, 1H, J = 8.0, 5.5 Hz), 1.7–1.6 (m, 2H), 1.52 (bd, 1H, J= 8.5 Hz), 1.43 (bd, 1H, J =
8.6 Hz); 13C NMR (100 MHz, CDCl3, ppm): δ 145.1, 137.4, 137.1, 131.2,129.3, 119.1, 48.0, 45.6,
43.2, 42.3, 33.7.
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2.2.4 Synthesis of (η5-Cyclopentadienyl)[η4-(exo-5-(phenylene-5-exo-bicyclo[2.2.1]hept-2ene)-1,3-cyclopentadiene] Cobalt (2)
1 (5.07 g, 20.4 mmol) was degassed by three cycles of freeze-pump-thaw then dissolved in
100 mL freshly distilled oxygen free THF. The solution was cooled down to -78 oC then nbutyllithium(8.4 mL, 2.5 M in hexane, 21.0 mmol) was slowly injected. The mixture was stirred
for 1 h at -78 oC then cannulated onto cobaltocenium hexafluorophosphate (7.01 g, 21.0 mmol)
under N2. The flask was slowly warmed up to room temperature and stirred for another 1 h. The
solvent was then evaporated and the muddy product was directly dissolved in hexane and
chromatographed on basic alumina (activity III) with hexane to afford 2 as red crystal (6.21 g,
85.0%). 1H NMR (Acetone-d6, 500 MHz, ppm): δ 7.01 (d, J = 8.0 Hz, 2H, Ar), 6.69 (d, J = 8.0 Hz,
2H, Ar), 6.20 (dd, J = 3.0 Hz, 1H, CH=CH), 6.11 (dd, J = 2.8 Hz, 1H, CH=CH), 5.27(s, 2H,
(CH=CH-CH)(Cp)), 4.79 (s, 5H, Cp-), 3.81 (t, J = 2.1 Hz, 1H, endo-H(Cp)), 2.91 (3H, endoH(norbornone)& (CH=CH-CH)(Cp)), 2.75 (s, 1H), 2.56 (dd, J = 8.3 Hz, 1H), 1.63(m, 1H), 1.49
(m, 2H), 1.31 (m, 1H). 13C NMR (125 MHz, Acetone-d6, ppm): δ 144.39, 143.89, 138.02, 137.83,
127.88, 125.83, 79.89, 75.31, 56.33, 49.24, 46.13, 45.04, 44.02, 42.90, 33.89. ESI-MS: chemical
formula: C23H23Co, calculated M = 358.10 (m/z), observed (M+H)+ = 359.11 (m/z) & (M-H-)+ =
357.10 (m/z)

2.2.5 Synthesis of norbornene phenylene cobaltocenium hexafluorophosphate (3)
2 (2.70 g, 7.54 mmol) was dissolved in 100 mL freshly distilled methylene chloride.
Triphenylcarbenium hexafluorophosphate (3.52 g, 9.07 mmol) was added directly as a solid. The
mixture immediately turned yellow and was stirred at 20 oC for 15 min, then extracted by the
addition of 100 mL water. The product in the organic phase was precipitated by adding 500 mL
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toluene and 200 mL diethyl ether to yield yellow powder-like small crystal. The crystal was
dissolved in 60 mL methylene chloride and added 500 mL diethyl ether to purify again. The
product was dried under vacuum to obtain yellow powder with a yield of 80.9%. (3.06 g, 6.10
mmol). 1H and 13C NMR were employed to confirm the chemical structure of the product, shown
in Figure 3.5. 1H NMR (500 MHz, Acetone-d6, ppm): δ 7.86 (d, J = 8.3 Hz, 2H), 7.45 (d, J = 8.2
Hz, 2H), 6.57–6.44 (m, 2H), 6.28 (dd, J = 5.5, 3.1 Hz, 1H), 6.19 (dd, J = 5.6, 2.9 Hz, 1H), 6.10–
5.99 (m, 2H), 5.75 (d, J = 4.5 Hz, 5H), 2.99 (s, 1H), 2.91 (s, 1H), 2.75 (dd, J = 8.6, 4.6 Hz, 1H),
1.81–1.74 (m, 1H), 1.70–1.62 (m, 1H), 1.58 (d, J = 8.4 Hz, 1H), 1.41 (d, J = 8.4 Hz, 1H). 13C NMR
(125 MHz, Acetone- d6, ppm): δ 150.26, 138.45, 138.24, 129.84, 128.98, 128.28, 106.44, 87.03,
85.83, 81.84, 49.44, 46.58, 44.89, 43.39, 34.35. ESI-MS: chemical formula: C23H22CoPF6, cation:
C23H22Co+ calculated M+ = 357.1053(m/z), observed M+ = 357.1057(m/z).

2.2.6 Polymerization of NPCPF6
NPCPF6 monomer was polymerized under different conditions. For example, NPCPF6 (0.1
g, 0.2 mmol) was dissolved in 5 mL anhydrous DMF under N2. Grubbs’ 3rd generation catalyst
(G3) (1.8 mg, 0.20 µmol) was dissolved in 1 mL DMF and mixed with the monomer solution. The
reaction was kept under N2 at room temperature for 1 h, before being quenched by the addition of
3 drops of ethyl vinyl ether. The reaction mixture was precipitated in 50 mL chloroform. The
solvent was removed by filtration and collected. A master curve was constructed with monomer
solutions in chloroform of different concentrations by UV-vis spectroscopy at λ = 370 nm. The
conversion after polymerization was determined as 98.7% by detection of the residual monomer
in chloroform. The polymer was dried under vacuum and the yield was calculated as 99.4% by
weight. GPC of PNPCPF6 was measured using trifluoroethanol as eluent.
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2.2.7 Ion exchange of polymers to chloride ion form.
The PF6 counter-ions in the prepared polymers were exchanged into chloride ions by
treating with a 5 fold excess of IRA-400 ion exchange resin in MeOH for 24 h. The solutions were
dried by N2 flow and analyzed by 19F -NMR and ATR-IR to confirm that the ion exchange was
quantitative.

2.2.8 Synthesis of PNPCPF6-ran-PNBE
NPCPF6 monomer and norbornene (NBE) at different molar ratios were dissolved in
freshly distilled DCM and anhydrous DMF mixed solvent under N2. The volume of each solvent
varied based on monomer ratio: DCM:DMF = 5:3 for IEC = 1.0 mmol/g; DCM:DMF = 4:5 for
IEC = 1.25 mmol/g; DCM:DMF = 1:2 for IEC = 1.5 mmol/g; DCM:DMF = 3:7 for IEC = 1.75
mmol/g. The solution concentration was 2 wt%. G3 was dissolved in DMF and mixed with the
monomer solution. The reactions were kept under N2 at room temperature for 24 h, then quenched
by the addition of 0.1 mL ethyl vinyl ether.

2.2.9 Membrane formation
The polymer was subjected to anion exchange to obtain PNPCCl-ran-PNBE using IRA-400
resin. After filtration to remove ion exchange resin, the obtained polymer solutions were directly

cast on Teflon sheets to form membranes. The solvent was slowly evaporated in open air to afford
a uniform membrane. Then the membranes were immersed in water to remove any residual
monomer. A piece of the membrane was further dried by vacuum and used for analysis by NMR
and GPC.
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2.3 Results and Discussions
2.3.1 Synthesis of norbornene phenylene cobaltocenium hexafluorophosphate(NPCPF6)

Figure 2.2 Synthetic scheme for norbornene phenylene cobaltocenium
hexafluorophosphate

In previous research, we demonstrated the extraordinary alkaline stability of phenyl
cobaltocenium. In order to use ROMP to synthesize cobaltocenium-containing polymers, we
designed a monomer with norbornene as the polymerizable unit that is attached to a phenyl
cobaltocenium. The all carbon connection minimizes the bond polarity and ensures greater alkaline
stability. The overall synthetic route is shown in Figure 2.2. Norbornadiene and 1-bromo-4iodobenzene underwent a Heck-like coupling to afford a stereo-selective 4-bromophenyl
substituted norbornene (1). Excess amount of norbornadiene and the reactivity difference between
iodide and bromide ensured a mono substituted norbornene. Such reaction was stereo-selective,
affording only exo-substitution.37 Lithium-halogen exchange was then applied to the bromide
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group. The obtained substituted phenyl lithium was a nucleophile that reacted with cobaltocenium,
generating the Co(I) complex 2.38

Figure 2.3 1H (left) and 13C (right) NMR spectra of NPCPF6
(Lettering refers to labelling shown in Figure 2.2)
Following by the oxidation of 2 with triphenylcarbenium hexafluorophosphate to remove
the endo-hydride, norbornene phenylene cobaltocenium (NPC) hexafluorophosphate was
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synthesized. Several other methods to oxidize Co(I) complex to cobaltocenium have been
attempted, including using sulfuric acid,39 trifluoroacetic acid,40 N-bromosuccinimide, and heat
treatment.41,42 However, none of them was as efficient and clean as the use of triphenylcarbenium
hexafluorophosphate.

2.3.2 Homopolymerization of NPCPF6
The synthetic procedure to polymerize NPCPF6 by ROMP was very straight forward, and
is shown in Figure 2.4.

Figure 2.4 Synthetic scheme for polymerization for NPCPF6

NPCPF6 monomer was dissolved in anhydrous DMF under N2. G3 was dissolved in DMF
and mixed with the monomer solution. The reaction was kept under N2 at a selected temperature
with a designed reaction time. Ethyl vinyl ether was added to quench the polymerization. To
understand the conversion of the polymerization, residual monomer amount was monitored. The
reaction mixture was precipitated in 50 mL chloroform. Chloroform is a good solvent for the
monomer but a poor solvent for the polymer. The solvent was removed by filtration and collected.
A master curve was constructed with monomer solutions of different concentrations by UV-vis
spectroscopy at λ = 370 nm. This max absorption corresponds to the aromatic groups including
the Cp rings and phenyl group.
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Figure 2.5 UV-Vis spectrum and master-curve of UV-vis absorption of NPCPF6 in
chloroform

Table 2.1 Polymerization tests of NPCPF6 under different conditions

a

Precipitate in CHCl3, calculate residual monomer by UV-Vis.
trifluoroethanol as eluent, referenced to PS standards

b

Determined by GPC using

Polymerization outcomes are summarized in Table 2.1. At room temperature, despite the
different reaction time and initial monomer concentration, the monomers were almost entirely
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consumed. This indicated the high reactivity of NPC towards ROMP. With lower reaction
temperature, the conversion started to decrease. For all investigated conditions, polymers were
obtained with low dispersity, showing possible “living” feature, which is contributed by the large
steric hindrance provided by the pendant phenyl cobaltocenium functionality.
The PF6 ions in the prepared polymers were exchanged into chloride ions by IRA-400 ion
exchange resin. The obtained polymer solutions were dried by N2 flow and analyzed by ATR-IR
and 19F NMR. This ion exchange process was extremely fast. Shown in Figure 2.6, the P-F stretch
signal in ATR-IR and PF6- signal in 19F NMR both disappeared after 3h.

Figure 2.6 ATR-IR and 19F NMRspectra of PNPC polymer solution before and after the
anion exchange
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Figure 2.7 Cyclic voltammetry (left) and thermogravimetric analysis (right) curves of
PNPCPF6

PNPC polymer was dissolved in DMF for cyclic voltammetry measurements, shown in
Figure 2.7 (left). Two reversible peaks were observed, corresponding to Co(III/II) and Co(II/I)
redox couples. The Co(III/II) reduction potential was measured as -0.65 V versus standard
hydrogen electrode. This confirmed that PNPC polymers will be electrochemically suitable for
alkaline fuel cell applications. Thermogravimetric analysis (TGA) under a flow of air was
employed to determine the thermal-oxidative stability of the polymer with either PF6- or Cl- as the
counter ions shown in Figure 2.7 (right). The polymer in PF6- form started to degrade at 200 oC
due to the thermal instability of the PF6- anion. With Cl- as the counter ion, the thermal-oxidative
stability of the polymers was greatly improved, showing a 5%-weight-loss temperature (Td(5%)) as
high as 445 oC. This demonstrated a much improved thermal oxidative stability compared to many
conventional polyelectrolyte, such as poly(vinyl benzyl trimethyl ammonium) (PVBTMA)
chloride.43
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2.3.3 Synthesis of PNPCPF6-ran-PNBE

Figure 2.8 Synthesis of PNPCCl-ran-PNBE

The PNPCCl homopolymer is water and methanol soluble, swells in THF and acetone, and
is insoluble in less polar solvents. In order to prepare durable membranes norbornene (NBE) was
copolymerized with NPCPF6. Comparable polymerization reactivity was observed between NBE
and NPCPF6 during ROMP. The copolymerizations were conducted by mixing predetermined
molar ratios of NPCPF6 and NBE in a mixture of freshly distilled DCM and anhydrous DMF
(Figure 2.8). The solvent ratio was carefully adjusted to ensure good solubility for both monomers
and the resultant copolymers. Polymerizations was initiated by addition of G3, dissolved in DCM,
into the mixed monomer solution. The solution concentration was 2 wt% to slow down the
polymerization rate to prevent gelation. The reactions were kept under N2 at 40 oC for 24 h to
facilitate secondary metathesis to afford a randomized copolymer. The composition of the
randomized copolymer was determined by 1H NMR (Figure 2.9) and the molecule weight
distribution was analyzed by GPC. The ion exchange capacity (IEC) was determined by the
titration of the Cl- anion in the polymer membranes. The results are listed in Table 2.2.
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Figure 2.9 NMR characterization of PNPCPF6-ran-PNBE
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Table 2.2 IEC and Molecular Weight Properties of PNPCCl-ran-PNBE Copolymers

a

Theoretical value calculated from the monomer feed ratio. b Determined by 1H-NMR of the
polymers. c Determined by titration of Cl-, an average of two measurements. d Determined by TFE
GPC using PMMA as standard. e Water uptake(WU) determined by DVS measurements at 95%
RH, an average of two measurement circles. f Water molecules absorbed per cation, calculated
from WU. g Polymerization occurred at 20 oC.

NBE and NPC were polymerized quantitatively within 1 h according to previous
conversion data. A full conversion of both monomer should be expected after 1 day. From the 1H
NMR spectrum, the ratio of the polymerized monomers was calculated by the ratio between Cp
ring signal and backbone signal. The experimental IEC determined by the 1H NMR spectra and by
titration of chloride anion were in good agreement with each other and the targeted theoretical
value. This demonstrated that the composition of the membranes can be precisely controlled by
adjusting the feeding ratio of the monomers. The molecular weight distribution was measured by
GPC using trifluroethanol (TFE) as eluent. However, the results deviated significantly from the
theoretical values, presumably because the hydrodynamic volume was strongly affected by the
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solvation of the copolymer coils in the eluent. For example, although R1.0 (IEC = 1.0 g/mmol) in
fact had the highest molecular weight, it was relatively non-polar and showed only a small
hydrodynamic volume in the solvent. On the contrary, the homopolymer because of its
hydrophilicity, was observed to be well solvated in the solution. Therefore, homopolymer was
determined by calculation with a larger molecular weight, while in fact it was the opposite. All the
random copolymers showed a broad molecular weight distribution, suggests that the high reaction
temperature and long reaction time did increase secondary metathesis during the polymerization.

2.3.4 Anion exchange and membrane formation
The obtained polymer solutions were subjected to ion exchange using the same ion
exchange procedure as described for the homopolymer. After removal of the ion exchange resin
by filtration, the filtrate was then cast on a Teflon sheet. The slow evaporation of the solvent under
ambient conditions resulted in thin (20-50 μm) uniform membranes. The as-formed membranes
were soaked in water, and then dried under ambient conditions. No color was observed in the water
phase, which further confirmed a quantitative conversion of NPCPF6.
When completely dried under vacuum, the drop-cast membranes were found to be brittle,
presumably due to their high cationic composition. However, under ambient conditions the
membranes absorbed moisture and became pliable. The membranes with moderate IEC, namely
R1 R1.25 R1.5, showed good mechanical integrity under humidified conditions. The membranes
with IEC > 1.75 mmol/g were soluble in water. All the membranes were able to be redissolved in
DMF for recasting. Such solvent processablility is a great advantage for membrane fabrication.
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2.3.5 Water uptake of PNPCCl-ran-PNBE membrane
Dynamic vapor sorption (DVS) measures the water uptake of a material from water vapor,
which is closer to fuel cell operational conditions than a simple liquid soaking test. Hydration
number (λ) is the average number of water molecules absorbed per cation. A series of λ
determination experiments measured at 60 oC with various relative humidity (RH) are shown in
Figure 2.10. They were within the range of the reported values for several other AEMs prepared
from random copolymers.44-46 The water uptake of the membranes increased only slightly with the
increase of IEC, at the same time λ was decreasing. This trend is not yet fully understood.

Figure 2.10 DVS measurement of PNPCCl-ran-PNBE membrane with different IECs

2.3.6 Morphology characterization of PNPCCl-ran-PNBE membrane
Humidity controlled small angle X-ray scattering (SAXS) was performed to study the
morphologies of the synthesized membranes (Figure 2.11). The scattering data was collected at 0%
RH and 95% RH at 60 oC. For membranes with lower IECs (R1.0 R1.25), features around 5.0 nm
were assigned to the formation of ionomer clusters.47 For the membrane R1.5, a d-spacing of 7.8
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nm was larger than a normal ionomer cluster. For the membranes with moderate IECs (R1.0 R1.25
R1.5), no large feature size was detected. The d-spacing increased slightly when humidified
because water molecules expanded the volume between these ionomers. For membrane R1.75, in
addition to the ionomer peak, a broad peak at d-spacing of 35.4 nm was visible under dry
conditions with weak intensity. TEM was used to reveal the real space morphology (Figure 2.12).
For membranes with lower IEC, for example R1.5, the bright field image only showed evenly
distributed ion clusters as expected, which agreed with the SAXS profile. The image of R1.75
membrane illustrated randomly distributed cobaltocenium aggregates that explained the large
feature in SAXS. The formation of these large aggregates is probably because the ionic
components in the copolymer reached a saturation level, and are no longer distributed evenly.
Illustrated in SAXS, such large aggregates swelled great deal when absorbing water, and explained
the mechanical weakening of the membrane during DVS measurement. The morphology
confirmed that the copolymers were random structures and did not form any ordered microphase
separated morphology.
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Figure 2.11 SAXS profiles of PNPCCl-ran-PNBE membranes

Figure 2.12 TEM images of R1.75 (left) and R1.5 (right)
54

2.3.7 Ionic conductivity measurement
In-plane chloride conductivity measurements were performed at 95% relative humidity
(RH) from 30 oC to 90 oC as shown in Figure 2.13 and the results are listed in Table 2.3. The
conductivity increased along with increase in the temperature because ions gain more mobility at
higher temperatures. The conductivity increased with IEC as well because more cation groups
facilitate anion hopping. From IEC = 1.0 mmol/g to 1.25 mmol/g, one order of magnitude increase
in conductivity was observed, suggesting a percolation of the cation domains that formed wellconnected ion conducting channels. Conductivity kept increasing when IEC increased from 1.25
mmol/g to 1.5 mmol/g. Further increasing IEC to 1.75 mmol/g led to weakening of the membrane.
The membrane swelled, and became a gel at room temperature and fully dissolved at elevated
temperature. This IEC value, above which the membrane becomes soluble, is much higher than
that for a trimethyl ammonium based random copolymer.46 This allowed the random copolymer
membranes to incorporate more cationic groups to achieve both high conductivity while retaining
mechanical stability. The chloride conductivity of IEC = 1.5 mmol/g membrane reached 50 mS/cm
at 90 oC, which was unusually high considering the random polymer structure. The activation
energy of R1.0, R1.25, R1.5 were calculated as 21.2 kJ/mol, 14.6 kJ/mol and 13.4 kJ/mol. A
descending trend with IEC was because the increasing cation composition facilitates anion
hopping. The activation energy value also agreed well with other reported metal complex reported
values.48,49 As a representative example, the σOH of R1.5 membrane was performed under nitrogen
and a conductivity of 39.0 mS/cm at 30 oC was measured, among the highest values obtained
compared to literature results.
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Figure 2.13. In-plane ionic conductivity of PNPCCl-ran-PNBE membrane

Table 2.3 In-plane ionic conductivity of PNPCCl-ran-PNBE membranes
Temperature

R1.0

R1.25

R1.5

R1.75

30

0.60

4.12

5.29

7.39

50

3.55

16.6

19.7

31.9

65

8.44

26.4

31.6

51.4

80

13.3

34.9

38.6

N/A

90

14.3

38.9

41.6

N/A

(oC)
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2.4 Summary and Future Directions
Phenyl cobaltocenium was proven to be an alkaline stable cation. Cobaltocenium
derivative (NPCPF6) was readily prepared and was able to be polymerized via ROMP. The
obtained polymers showed excellent thermal oxidative stability and electrochemical property.
Random copolymers of NPCPF6 with NBE were obtained via ROMP. The composition was readily
controlled by tuning the feed ratio of the two monomers. The obtained copolymers possessed good
solution processability and were cast into thin durable membranes. The membranes exhibited high
chloride ion conductivities (41.6 mS/cm at 90 oC), with low water uptake even at the highest IEC
values evaluated. Preliminary hydroxide ion conductivity data suggests cobaltocenium polymeric
membranes are promising candidates for alkaline anion exchange membranes.

For future work, though phenyl cobaltocenium showed good alkaline stability, the
degradation rate is yet too fast for the corresponding polymers to meet the requirement of alkaline
fuel cell operational conditions. Cations with better alkaline stability can be explored for AEM
applications.
2.4.1 Bis t-butyl cobaltocenium
It is suggested that strong electron-donating group, such as methyl group, can reduced
positive charge on the cobalt metal center and increase the steric hindrance, making it less
susceptible to nucleophilic attack.33 A series of cobaltocenium cations and monomers with
different substitutions were synthesized, detailed synthetic procedures are reported in Appendix A
of this dissertation. The stability of these cations has been evaluated. Among these cations, bis tbutyl cobaltocenium showed the highest alkaline stability. It is because t-butyl group is very strong
electron-donating group and provides large steric hindrances. At the same testing conditions: 2 M
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potassium hydroxide MeOH/H2O (vol 9:1) solution at 80 oC, only 5% of it degraded while phenyl
cobaltocenium showed 12% degradation.

Figure 2.14. Alkaline stability of a series of cobaltocenium derivatives

Several different methods have been tried to synthesize polymerizable bis t-butyl
cobaltocenium. However, unlike phenyl cobaltocenium which can be oxidized from Co(I) complex,
the oxidation of t-butyl Co(I) complex leads to unsubstituted cobaltocenium. (Figure 2.15) Other
methods of oxidation must be used.

Figure 2.15 Oxidation of t-butyl Co(I) complex

A new type of synthesis method is shown in Figure 2.16. Lithium-halogen exchange of
norbornene methyl bromide was completed by using excessive lithium metal at -50 oC in distilled
THF.50 After 6 h, obtained norbornene methyl lithium solution was transferred to dimethyl fulvene
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in THF solution.51 The yellow color disappeared instantly upon lithium reagent addition, indicating
the dimethyl fulvene reacted with cyclopentadienyl. For a one-pot reaction, the lithium
cyclopentadienyl reacted directly with CoCl2, generating cobaltocene, and was oxidized into
cobaltocenium by hot water afterwards. However, by this method, the product contained impurities
that were difficult to remove. An alternative method was to quench the norbornene t-butyl
cyclopentadienyl lithium with methanol, generating norbornene t-butyl cyclopentadiene. This
compound was oxygen sensitive, but can be separated using silica column chromatography under
an inert atmosphere. Purified norbornene t-butyl cyclopentadiene can be deprotonated using nbutyllithium and reacted with CoCl2 as previously described.

Figure 2.16 Synthesis of bis t-butyl norbornene cobaltocenium
Because of the exo, endo mixture of the norbornene, the 1H NMR spectrum was extremely
complicated to decipher. The mass spectrum showed one clear peak correspond to this molecule,
suggested that we successfully obtained target molecule using this method. Mass spectrum (ESI)
calculated for C32H42Co+ (M+) 485.2618 (m/z), found 485.3278 (m/z).
It can be copolymerized with norbornene, dicyclopentadiene to obtained crosslinked
alkaline anion exchange membranes.
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2.4.2 Norbornene methylene trimethylammonium
Ammoniums with more and more complex structures have been used because of the need
for steric shielding.52 However, some simple structured ammoniums exhibit unexpected alkaline
stability. One of them is norbornene methylene trimethylammonium. It was considered unstable
because the β-hydrogen next to the ammonium is susceptible to Hofmann elimination. Coates et
al. even intentionally excluded this structure from their patent.53 Surprisingly, this component
showed unexpected alkaline stability in our study, illustrated in Figure 2.17.54 This is likely
because the cyclic structure of polynorbornene prohibits certain configuration susceptible to
Hofmann elimination. Having established the homopolymer synthesis, some preliminary
experiments to synthesis robust membranes have been performed.

Figure 2.17 Alkaline stability of PNMTMA compared to PVBTMA
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2.5.2.1 Synthesis of bromomethyl norbornene (NMBr)
This synthesis was performed following a literature procedure.55 Dicyclopentadiene (42.0
g, 318 mmol), allyl bromide (100 g, 826 mmol), and hydroquinone (250 mg, 2.30 mmol) was
charged in a Schlenk flask equipped with a magnetic stirrer. The flask was heated to 170 oC for 20
hours. After cooling the flask, the excess allyl bromide was removed by rotary evaporation at 50
o

C. The remaining liquid was then distilled at 100 mTorr first at room temperature, then at 45 oC

to obtain colorless oil as the product. Colorless oil was collected (80.0 g, 67.2 % yield). 1H NMR
showed a mixture of 15 mol% exo and 85 mol% endo isomers. 1H NMR (500 MHz, CDCl3, ppm):
δ 6.14 (dd, J = 5.3, 3.0 Hz, 1H), 5.93 (dd, J = 5.4, 2.7 Hz, 1H), 3.14 (dd, J = 9.3, 7.0 Hz, 1H), 2.98
(t, J = 9.6 Hz, 1H), 2.93 (s, 1H), 2.81 (s, 1H), 2.51–2.40 (m, 1H), 1.92–1.84 (m, 1H), 1.43 (d, J =
8.2 Hz, 1H), 1.24 (d, J = 8.3 Hz, 1H), 0.56–0.49 (m, 1H)

2.5.2.2 Synthesis of PNMTMA-ran-PNB copolymer
NMBr and norbornene monomers were dissolved in freshly distilled DCM. G2 was
dissolved in DCM and mixed with the monomer solution. The reaction was started at 0 oC and
slowly warm to room temperature to slow down the polymerization. After one day, ethyl vinyl
ether was added to quench the polymerization. The obtained polymer solution was directly spread
on a Teflon sheet. The solvent was slowly dried under ambient conditions. Thin durable
membranes were obtained and soaked in trimethyl amine solution for 24 h at 60 oC for
quaternization. The final membranes were rinsed by D.I. water for several time and vacuum to
remove any residual volatiles.
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Figure 2.18 Synthesis of PNMTMA-ran-PNBE

Table 2.4 Properties of PNMTMA-ran-PNBE Copolymers

a

Theoretical value calculated from the monomer feed ratio. b Determined by 1H NMR of the
polymers. c Determined by titration of Cl-, an average of three measurements. d Determined by THF
GPC, referenced to PS standards.

The polymer characterization results are shown in Table 2.4. Though IECs characterized
by NMR matched the designed value well, the Cl- titration value was unexpectedly lower than
designed and did not follow any trend. The reason for this is unknown at this time. GPC data were
as expected, and the molecular weight was found to decrease with higher IEC because less
norbornene monomer was used. All polymers were poly-dispersed as a feature of ROMP having
secondary cross-metathesis occurring.
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Water uptake has been calculated from the weight difference between dry and soaked
membranes. This soaking method is different from DVS measurement, because liquid water
behaves differently than water vapor. Usually more water was absorbed when the membrane was
soaked because of capillary effect. Shown in Figure 2.19, water uptake remained almost constant
at low IEC but increased significantly after certain IEC. Further increase the IEC resulted in
membrane failure due to too much water absorption.

Figure 2.19 Water uptake of PNMTMA-ran-PNBE
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CHAPTER 3
POLY(NORBORNENE PHENYLENE COBALTOCENIUM) BASED CROSSLINKED
MEMBRANES FOR ALKALINE ANION EXCHANGE MEMBRANE FUEL CELL

3.1 Introduction
To meet the many requirements for AEMs, the ionic conductivity should be higher than
100 mS/cm.1,2 Higher IEC will afford higher ionic conductivity, but the mechanical integrity of
membranes will be compromised due to too much swelling by excessive water absorption. An
efficient way of preparing dimensionally stable robust AEMs with high IEC is to introduce
chemical and/or physical crosslinks. Several crosslinking methods have been developed, for
example radiation crosslinking, thermal crosslinking or chemical crosslinking.
Radiation crosslinking is a versatile method.3 High energy beams induce radical formation
and other secondary reactions that crosslink the polymer chains. It can be applied to both saturated
and unsaturated polymers. However, the use of high-energy beams complicates the experimental
set up, and increases the cost. Moreover, the modification to polymeric materials by high energy
beams is generally unselective. As a result, quantitative experiments are difficult to accomplish,
and side effects such as loss of cationic groups can occur. Currently, little research has been
reported using this method.
Thermal crosslinking can be applied to polymers with residual alkene or alkyne
functionalities. Thermally decomposition of the polymers or the presence of additives can induce
radical formation and subsequently crosslink polymer chains to form insoluble materials. Tsai et
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al. designed random copolymer with isoprene as a hydrophobic comonomer, thermally crosslinked
it by oxygen under elevated temperatures.4 Brominated PPO bearing methacrylate or styrene
functionality has been quaternized with trimethylamine, followed by thermal crosslinking or an
additional radical initiators to promote crosslink at elevated temperature.5-7 Nitrene has also been
utilized for crosslinking from the thermal decomposition of azide.8 However, one problem of
thermal crosslinking is that it cannot be applied to materials with poor thermal resistance.
Otherwise, chemical degradation could possibly alter the composition of the materials. Materials
after thermal crosslinking showed some yellow or brown color, indicating inevitable oxidation
side reactions during the thermal treatment. Furthermore, the degree of crosslinking is difficult to
control precisely.
Chemical crosslinking is more selective and requires milder conditions. With crosslinkable
monomers or crosslinking reagents, materials can be crosslinked with minimal damage. Many
types of chemistries can be applied for this purpose.9-13
Thiol-ene chemistry has been applied to many systems with alkene functionality. The thiolene reaction can be performed under ambient conditions within a relatively short timeframe.
Therefore, it can avoid most side reactions that are induced by the UV irradiation.14,15 This method
is especially suitable for thin membranes because the absorption of UV light due to membrane
thickness is negligible. Ertem et al. used thiol-ene chemistry to crosslink isoprene units in a random
copolymer.16,17 Zhu et al. quaternized brominated PPO with dimethyldecylamine, where the decyl
groups can be crosslinked by thiol-ene chemistry.18 Other UV-curable functional groups such as
azide, and addition of UV sensitive radical initiators have also be applied.19,20
The cationic groups can be used to crosslink the membranes too. It can be done by the
modification of different cationic groups. For example, Gu et al. modified polysulfone backbone
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to crosslink with triphenyl phosphine.21 But in many cases, this approach involved complicated
synthetic protocols. Another popular way to crosslink a membrane is to quaternize poly(alkyl
halide) with polymerized quaternizing reagents, for example poly(vinyl benzyl chloride) and
poly(1-vinylimidazole).22-30 Crosslinking by the cations directly is an alternative approach. Zhang
et al. quaternized pendant benzyl bromide with propyldiamine to form crosslinks.31 Pandey et al.
used diazabicyclooctane to quaternize, and crosslink, poly(vinyl chloride).32 Sajjad et al.
crosslinked guanidinium with epichlorohydrin.33 Dang et al. obtained crosslinked AEM by
employing telechilic piperidinium group.34 As time progresses, more cations or functional groups
are being reported as effective means of crosslinking membranes.35,36 This methodology, of course,
requires the two reagents react efficiently.

Figure 3.1 Examples of membrane crosslinking method21,26

Recently, another approach of crosslinking has been to utilize the unsaturated carbon
carbon bond employing metathesis chemistry. Hickner et al. synthesized polymers with pendent
C=C bonds.37,38 The double bonds can undergo metathesis using Grubbs’ catalyst, releasing
ethylene and resulting in a crosslinked polymer. Another way is to synthesize a polymer precursor
with crosslinkable monomer functional groups, then use a macro-monomer approach to form
crosslink membranes afterward. Price et al. synthesized block copolymer with one block carrying
norbornene functional groups, shown in Figure 3.2.39 This was crosslinked by the addition of
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dicyclopentadiene (DCPD) and polymerized by ROMP. Using this method, polymer structure can
be better controlled to some degree: an interconnected morphology was observed. However, the
synthesis of monomers and polymers were rather difficult.

Figure 3.2 Example of crosslinked AEM by pendent functionality39

Taking advantage of ROMP, the most straightforward way is to use crosslinkable
monomers that can be copolymerized with cationic monomer directly. The crosslinked network
can be achieved by either using a crosslinkable comonomer, for example dicyclopentadiene
(DCPD),40,41 or using a multifunctional cationic monomer, for example trimethyl ammonium
derivatives with two norbornene pendent groups.42-44 Without introducing additives, such a method
simplifies the number of reactions involved in preparation, and ensures the chemical constituent
of the final product. Membrane fabrication and crosslinking occur at the same time. As the
examples shown in Figure 3.3, the structure of the obtained polymer cannot be controlled precisely
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and presumably to be random through this method. Despites these concerns, it is a straightforward
route.

Figure 3.3 Examples of crosslinked polymers by crosslinkable monomers 42,45

3.2 Experimental
3.2.1 Materials
Unless otherwise noted, all reagents were used and used as received, without further
purification. Dicyclopentadiene and Amberlite® IRA-400 (chloride) were purchased from VWR.
Bis(triphenylphosphine)palladium(II) (PdCl2(PPh3)2) were purchased from Sigma-Aldrich. All
solvent (methanol and alkene-free chloroform) were purchased from Fisher Scientific. Deuterated
NMR solvent was purchased from Cambridge Isotope Laboratories.

3.2.2 Characterization
1

H-NMR (500 MHz),13C-NMR (125 MHz) and

19

F-NMR (470 MHz) spectra were

obtained on a Bruker Ascend-500 MHz Spectrometer using the residual solvent protons as the
internal standard. The Fourier transform infrared spectra (FTIR) was performed on a Perkin-Elmer
Spectrum 100 with universal ATR sampling accessory at room temperature. Small-angle X-ray
scattering (SAXS) measurements were performed with a Ganesha SAXS-LAB using 0.154 nm
(Cu K radiation), sample-to-detector distance was 1,491 mm, and X-ray beam area was 0.04 mm2.
Transmission electron microscopy (TEM) was performed on a JEOL 2000FX electron microscope
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operating at 200 kV. The 50 nm thin films for TEM were prepared using a Leica Ultracut UCT
microtome equipped with a Leica EM FCS cryogenic sample chamber operated at -100 oC.
Water uptake of the membrane was tested by dynamic vapor sorption. The samples, after
drying in a vacuum oven overnight, were loaded into a glass sample pan hanging from an
ultrasensitive microbalance. The relative humidity was achieved by proportionally mixing dry gas
(nitrogen) and a second water vapor stream controlled by a mass flow controller. The temperature
of the experiments was set to 60 °C for the different humidity cycles. Samples were first kept at
0% RH for 8 h; then the humidity was increased in the sequence: 20%, 40%, 60%, 80%, 95%, and
then deceased to 0% with the same humidity steps. Each humidity condition was held for 2 h and
the cycle was run twice. The equilibrium mass at the end of each step was used to calculate the
water uptake from the isotherm of mass versus relative humidity. The water uptake was calculated
using the membrane mass difference between dry state and wet state.
In-plane anionic conductivity was calculated by use of electrochemical impedance
spectroscopy (EIS) based on the measurement of the ionic resistance. The Randle’s equivalent
electrical circuit was used to fit the measured Nyquist Plot. The intercept at the lower frequency
was used to determine the total ionic resistance. The frequency range was from 0.4 to 105 Hz with
a fixed voltage magnitude of 10 mV. The membrane was mounted in a four-electrode cell
connected to a BioLogic VMP3 multichannel potentiostat. The conductivity was calculated from
the equation shown below.
σ = 1/RSL
σ = conductivity, (S/cm); R = resistance, (Ω); S = cross section area of the membrane,
(cm2); L = length of the membrane tested between two electrodes, (cm). An environmental
chamber (Test Equity) was used to control both humidity and temperature during the experiment.
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The measurements were performed from 30 to 90 °C under 95% RH. Each testing condition ran
for 16 loops with the first 8 loops for membrane equilibration under the conditions and the last 8
loops for data analysis.

3.2.3 Synthesis of NPCCl monomer
NPCPF6 monomer was obtained the same procedure as described in chapter 2. Anion
exchange from PF6- to Cl- was easily achieved by using Amberlite® IRA-400 resin according to
previous literature.46 NPCPF6 was dissolved in acetone and methanol mixture (volume ratio = 1:1).
An excess amount of Amberlite® IRA-400 (Cl) ion exchange resin was added, the flask was stirred
for 12 h at room temperature. The solution was filtered to remove the resin, and dried under
vacuum. NPCCl was obtained as yellow solid.

3.2.4 Synthesis of crosslinked polymer and membrane formation
NPCCl and DCPD at different ratios were dissolved in alkene-free chloroform and
methanol solvent mixtures. The ratio of two solvents varied with monomer ratios to ensure good
solubility for both monomers. The concentration of the solutions was at 10 weight percent. G2 was
dissolved in MeOH and mixed with the monomer solution at 0 oC to slow down initiation. The
homogeneous solution was stirred vigorously for 1 min then cast on a Teflon sheet to continue the
polymerization at 20 oC. After subsequent solvent evaporation, a translucent, thin membrane was
formed and peeled from the Teflon sheet.
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3.2.5 Mechanical integrity test on crosslinking membranes
All prepared membranes were subjected to solubility test to ensure mechanical integrity
under alkaline fuel cell operational conditions. A small piece of membrane was soaked in D.I.
water in a 5 mL vial. The vial was careful sealed and heat up to 85 oC for 72 h. The integrity of the
membrane can be observed by its physical appearance.

3.2.6 Swelling ratio measurement
Three membrane slices with a dimension 3 cm x 0.5 cm were prepared for each IEC. The
slices were soaked in D.I. water for 48h at room temperature. After measuring the length, the
soaked membranes were dried under vacuum at 60 oC. The dry slice length was measured and
compared with soaked length. The reported value was the average of three measurements.

3.2.7 Chloride titration of the membrane
IEC of membranes was experimentally determined by performing Mohr’s Titration.
Approximately 100 mg of membrane was ion exchanged by stirring in 20 mL of 0.2 M NaNO 3
(aq.) solution. The solution was changed three times in total; first after 6 h, then after 17 h, to
ensure complete ion exchange. The extraction solutions were collected and titrated against 0.100
M aqueous AgNO3 (aq.) solution using K2CrO4 as indicator (2 mL, 0.25 M in water). The titrated
IEC were calculated from the dry mass of the membrane and the volume of AgNO3 (aq.) consumed.
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3.3 Results and Discussion
3.3.1 Synthesis of NPC monomer with chloride as counter ion.
Crosslinked polymer membranes were very difficult to perform anion exchange. Therefore,
ion exchange to chloride was conducted to the monomer, prior to the polymerization. The same
ion exchange method by IRA-400 Cl ion exchange resin was used for the NPCPF6 monomer. After
anion exchange, the removal of the resin and drying by N2 flow, a viscous brown liquid was
obtained. This was due to the hydroscopic nature of NPCCl. Compared to the dry power of
NPCPF6, the large influence of counterion towards hydrophilicity was demonstrated. Further
drying was applied by vacuum and afforded a yellow solid. It was soluble in methanol and water,
but no longer soluble in acetone, which was a good solvent for NPCPF6. Both IR and 19F NMR
were employed to determine the degree of ion exchange (shown in Figure 3.4). IR showed that the
P-F vibration band at 836 cm-1 had almost disappeared completely and the 19F NMR showed there
was no signal detected for PF6.

Figure 3.4 ATR-IR (left) and 19F NMR (right) spectra before and after anion exchange.
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3.3.2 Synthesis of PNPC-x-PDCPD copolymer and membrane formation
The synthetic route for crosslinked network formation is shown in Figure 3.5. The
procedure was slightly modified from a report in the literature.41 NPCCl and DCPD were dissolved
in a MeOH and chloroform solvent mixture. Grubbs’ 2nd generation catalyst was used to
polymerize the monomer because of its moderate resistance to oxidation. Reaction temperature
strongly influenced the properties of the final membrane. When using relative high temperature
(40 oC), the obtained membranes were formed with pinholes, as a result from the fast solvent
evaporation. Moreover, the reactivity difference from the two monomers led to inhomogeneity:
DCPD polymerized too fast at elevated temperature and formed crosslinking that prohibited NPC
monomer to be incorporated into the network. Large color variation was observed across these
membranes, with both light yellow regions and brown regions were observed. Better membranes
were prepared at room temperature, transparent and homogeneous membranes were obtained
under these conditions. The membranes were very tough across all IEC range, attributed by the
robustness of polydicyclopentadiene crosslinking.

Figure 3.5 Synthetic scheme of synthesis of PNPC-x-PDCPD crosslinked polymer
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Shown in Table 3.1, are a series of membranes with IEC from 2.0 mmol/g to 1.0 mmol/g
that were synthesized for this study. Like random copolymer syntheses, the IEC were controlled
by the comonomer ratio. IEC was confirmed by chloride ion titration. Unlike the linear random
copolymer in which the titration values and designed IEC values agreed well, for crosslinked
membranes, the titration IEC was always found be to lower than designed. This may be caused by
crosslinking that confined ion mobility. The swelling ratio was measured by immersing the
membrane in water and measuring the dimensional changes. Membranes all swelled when
absorbing water, the swelling ratio decreased with decreasing IEC as the membranes became more
hydrophobic.

Table 3.1 Sample summary of PNPCCl-x-PDCPD
Designed

NPC:

Titration

Swelling

σ*

Ea

IEC

DCPD

IEC

Ratio

(mS/cm)

(kJ/mol)

(mmol/g)

(mole ratio)

(mmol/g)

(H2O
20oC)

X2.0

2.0

50:41

1.84

11.1%

60.0

28.3

X1.75

1.75

50:68

1.66

6.2%

48.8

35.3

X1.5

1.5

50:103

1.39

4.5%

27.1

30.9

X1.25

1.25

50:154

1.11

2.7%

24.2

34.3

X1.0

1.0

50:218

0.80

1.2%

2.50

36.7

* Chloride conductivity measurements at 90°C at 95 % relative humidity
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For low IEC samples, the obtained polymer membranes were insoluble as expected.
However, when the IEC increased to higher than 2.0 mmol/g, the membranes formed a soft gel or
were even soluble in water. This was related to the comonomer ratio. For higher IEC membranes,
as the amount of crosslinkable monomer decreased, the number of possible crosslinking points
also decreased. Within limited reaction time, only slight crosslinking might occur, or even result
in the formation of a high molecular weight linear polymer. This could then result in swelling upon
humidification and could cause the membrane to eventually dissolve. Even so, the solubility of
membranes in water was greatly decreased, and the swelling was almost negligible compared to
PNPCCl-ran-PNBE polymer membranes. The membranes were all flexible in water, which
permits further characterizations and applications to test these membranes in fuel cell assemblies.

3.3.3 Water uptake of PNPCCl-x-PDCPD membrane
Dynamic vapor sorption (DVS) was used to measure the water uptake of a material from
water vapor. Hydration number (λ) is the average number of water molecules absorbed per cation.
A series of λ determination experiments measured at 60 oC with various relative humidity (RH)
are shown in Figure 3.6. They were within the same range of PNPCCl-ran-PNBE, suggested that
the crosslinking has little effect on water uptake. The water-uptake of the membranes increased
with the increase of IEC, at the same time λ increased from IEC 1.0 mmol/g to 1.25 mmol/g, but
reached a plateau when further increasing IEC. This is similar to what was observed for random
copolymers. From the ionic conductivity measurement, for both random copolymer and
crosslinked copolymers, a large conductivity increase also occurred in this region. It is believed
that at this IEC, the ions inside the membranes start to percolate and form conducting ion channels.
These channels eliminated isolated ion domains, which were surrounded by hydrophobic polymers
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at lower IEC. At the same time, water molecules were also able to diffusion into these channels
and largely increased the water uptake.

Figure 3.6 DVS measurement of water uptake of PNPCCl-x-PDCPD

3.3.4 Morphology characterization of PNPCCl-x-PDCPD membrane
Morphology of the membranes were characterized by SAXS and TEM at dry conditions.
In SAXS profiles (Figure 3.7), only the crosslinked membrane with highest IEC X2.0 showed ion
cluster with a d-spacing around 3 nm. Membranes with IEC 1.75 mmol/g and lower showed a
similar featureless scattering plot. Therefore, the sample X1.75 was selected for comparison to
other samples prepared in this dissertation, and will be discussed further. This phenomenon is
different compared to random copolymer SAXS profiles as discussed in the previous chapter
(Figure 2.11), which showed ion clustering across the entire IEC range.
The lack of any scattering feature was further confirmed by TEM, while X2.0 showed some
small features, lower IEC such as X1.75 was completely homogenous (Figure 3.8). This is because
for low IEC membranes, there are more DCPD crosslinks. The polymer chains in these membranes
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were crosslinked too fast before the ions can rearrange to form clusters. Moreover, the lack of ion
rearrangement also suggested that the ions were more evenly distributed in the membranes without
obvious aggregation. The lack of conducting channels will lower the effective IEC. That agreed
with the lower measured IEC in the titration data, and would result a lower ionic conductivity.

Figure 3.7 SAXS profiles of PNPCCl-x-PDCPD membranes.
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Figure 3.8 TEM images of PNPCCl-x-PDCPD membranes

3.3.5 Ionic conductivity measurement
In-plane ionic conductivity was measured at similar conditions compared to the random
copolymers at constant humidity (95% RH) as a function of temperature as shown in Figure 3.9.
It followed the same trend as with the random copolymers. The conductivity increased with
temperature because of higher ion mobility at elevated temperature, and with increased IEC
because there are more cations to assist anion transport.
Compared with ionic conductivity between crosslinked membranes and the random
copolymer membranes at the same IEC, all crosslinked membranes showed lower conductivity
than the random ones. The activation energy of ion transport was determined using the chloride
conductivity values. For all IEC values, the activation energy is around 30 kJ/mol (Table 3.1),
significantly higher than what was found for random copolymers, suggesting that the ion transport
in crosslinked membranes was more difficult, presumably because crosslinking confines ion
mobility and no formation of ion channel due to the lack of facile ion rearrangement.
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However, higher IECs can be achieved by crosslinking with concomitant improved
mechanical integrity relative to their random copolymer analogs. Mechanically stable membranes
at IEC as high as 2.0 mmol/g were achieved by crosslinking. The ionic conductivity reached 60
mS/cm at 90 oC, higher than what was achieved by the random copolymer membranes.

Figure 3.9 Ionic conductivity of PNPCCl-x-PDCPD membranes
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Table 3.2 In-plane chloride conductivity (mS/cm) of PNPCCl-ran-PNBE membranes
Temperature

X1.0

X1.25

X1.5

X1.75

X2.0

30

0.212

2.56

5.50

4.60

9.28

50

0.628

7.58

8.30

16.2

22.7

25.5

34.8

(oC)

60
65

12.7
1.05

12.6

70

17.0

80

1.70

20.2

22.6

38.8

50.2

90

2.50

24.2

27.1

48.8

60.0

3.4 Summary and Future Directions
In this work, efforts to understand structure-morphology property relationships of
crosslinked copolymer network used as anion conducting membranes was discussed. The
cobaltocenium-containing norbornene derivative was used as model hydrophilic monomer and
copolymerized with the crosslinkable monomer dicyclopentadiene (DCPD) as the hydrophobic
monomer. The membranes that were obtained during the course of polymerization were thus
thermoset materials. The morphologies of the membranes were characterized by SAXS and TEM.
Compared to the random copolymers discussed in chapter 2 of this dissertation, fewer features
were observed for the crosslinked polymers. Crosslinked membranes showed lower conductivity
compared to random copolymer membranes at the same composition due to crosslinking
confinement and the lack of ion rearrangement. However, higher IEC with good mechanical
integrity were achieved and these had therefore higher ionic conductivity. These findings highlight
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the fact that crosslinking heavily influences the ion connectivity, ionic conductivity, and
mechanical robustness of membrane.
For future work, the same crosslinking strategy can be also applied to the NMBr monomers,
which was introduced in the future work of chapter 2. Some preliminary experiments have been
done. Shown in Figure 3.10, norbornene and NMBr were mixed with Grubbs’ 2nd generation
catalyst using DCM as solvent at 0 oC to prevent initiation. The homogeneous solution was stirred
vigorously for 1 min then cast on a Teflon sheet to continue the polymerization at 20 oC covered
by a glass petri dish. After subsequent solvent evaporation, a translucent, thin membrane was
formed and peeled from the Teflon sheet. The obtained membranes were very tough across all IEC
range.

Figure 3.10 Synthesis of PNMTMA-x-PDCPD
The neutral membranes were soaked in trimethyl amine solution for 24 h at 60 oC for
quaternization. The final membranes were rinsed by D.I. water for several time and vacuum to
remove any residual volatiles. Very little characterization can be done on a crosslinked network.
Chloride titration was used to confirm IEC. Similar to what was observed with PNMTMA-ranPNBE membranes, the titration IECs were significantly lower that what were expected, shown in
Table 3.3. The values were even lower than what we observed for PNMTMA-ran-PNBE.
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Table 3.3 Titration IEC of PNMTMA-x-PDCPD Copolymers
Theoretical

Titration

IEC

IEC

(mmol/g)

(mmol/g)

BX1.3

1.3

0.253

BX1.9

1.9

0.269

BX2.1

2.1

0.459

BX2.3

2.3

0.562

One possible reason is that the NMBr is difficult to quaternize. The quaternization is similar
to the direct nucleophilic attack degradation mechanism.47 In both case, a nucleophile attacks the
α position. The degradation of NMTMA is slow because the nucleophilic attack is less likely, the
same mechanism may also slow down the rate of quaternization.

Figure 3.11 Water uptake of PNMTMA-x-PDCPD membranes during quaternization
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To prove that by monitoring the quaternization process, direct characterization of the
disappearance of C-Br bond is desired. However, in IR spectrum, C-Br vibration is beyond our
instrument detection limit. Instead, we designed an indirect experiment to measure the membrane
water uptake during the quaternization process. If the quaternization is complete, the water uptake
will reach a plateau. However, from 24 h (the quaternization time we used) to 60 h, the water
uptake kept increasing. It suggested that the polymer was becoming more hydrophilic, and the
quaternization has not yet reached complete conversion. Longer reaction time is required to
determine the time required for complete quaternization.
Despite of unclear quaternization conditions, both monomers of this reaction are
commercial available with low cost. It is a promising material for alkaline anion exchange
membrane fuel cells.
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CHAPTER 4
POLY(NORBORNENE PHENYLENE COBALTOCENIUM)-BLOCKPOLY(NORBORNENE DIBENZYL ETHER) MEMBRANES FOR ALKALINE ANION
EXCHANGE FUEL CELLS
4.1 Introduction
In previous chapters, the AEMs prepared from random linear cobaltocenium-containing
copolymers showed good ionic conductivity. With crosslinking, the AEM reached higher ionic
conductivity at higher IEC, without compromising the mechanical integrity. However, for both
random or crosslinked copolymers, the poor control of polymer structures leads to the formation
of ion clusters.1-6 Balsara et al. suggested that the formation of ion-cluster is an obstacle for ion
transport in polymers.7 He cited SAXS data to support the existence of ion clusters, which are
aggregations of ions due to columbic interaction. At the same time, there are regions in the
construct with fewer conductive domains. Because ions have to hop through these domains, this
creates a barrier for ion transport and decreases the conductivity. The formation of a continuous
cationic domain with good mechanical integrity is necessary to achieve high conductivity.
One way to overcome this challenge is to use block copolymers to alter the morphology
within the membrane. The microphase separation of the block copolymer will afford separate
conducting and non-conducting domains.8 The interconnected hydrophilic domains can enhance
the transport properties and the hydrophobic domains can improve the mechanical strength of the
membranes.
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Figure 4.1 Morphology influence on ionic conductivity9
The influence of morphology on membrane transport properties has been well-studied.1013

At the same chemical composition, the morphologies of spheres, cylinders or lamellae greatly

influence conductivity: lamellae generally results in the highest conductivity.14 Elabd et al.
reported that the conductivity of a block polymer was much higher than the corresponding random
copolymer, and even higher than the homopolymer itself, these results are shown in Figure 4.1.9
This phenomenon was explained by the rationale that ion-water confinement within nanochannels
may accelerate transport. The ordering and orientation of domains have significant effects on
conductivity (shown in Figure 4.2).15 A well-ordered structure is not necessarily the best one for
conducting ions if the orientation of the domain was not perfectly aligned with the conduction
pathway between the electrodes. In contrast, a poorly-ordered structure permitted the formation of
more interconnects between channels and actually gave the highest conductivity as shown by
previous work of Coughlin research group.16 Many other block copolymers have been constructed
inspired by the higher possible conductivities that have been reported.17 Despite different backbone
structures, polysulfone,18-25 poly(p-phenylene oxide)26,27 and polyolefins,3,17,28-32 have all been
reported to provide block polymer using various synthetic techniques.
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Figure 4.2 Domain ordering effects on conductivity15

Unlike neutral block copolymers, polyelectrolyte block copolymers show unexpected
morphologies. Zhang et al. prepared P(chloromethyl styrene(CMS)-ran-St)-b-PI diblock
copolymers and PI-b-P(CMS-ran-St)-b-PI triblock copolymers, the CMS block was subsequently
quaternized with tris(2,4,6-trimethoxyphenyl)phosphine.33 A significant asymmetry has been
observed: at low volume fractions of ionic blocks, the polymers formed lamellar morphologies;
while at moderate volume fractions (>30% for triblock and >22% for diblock copolymers), the
polymers formed hexagonally-packed cylindrical phases with the ionic domain as the matrix. The
inverse cylindrical morphology showed higher conductivity compared to the lamellar morphology.
A similar phenomenon has been reported by Hickner et al. with long spacer length ammonium
cations.34 It was predicted by Sing et al. that the combination of entropy, ion solubility and
electrostatics drastically impact the phase behavior of a polyelectrolyte block copolymer.35
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Figure 4.3 Scheme of anion transport through hexagonal phase, where the blue domains
are the ionic domain.33

Molecular weight is another factor that influences properties. But in this area, mixed results
have been reported. Balsara et al. prepared low molecular weight polymers that had d-spacing
small enough to avoid ion clusters formation, and as expected, the system indeed had a higher
conductivity.7 However, Winey et al. suggested from their results that small d-spacing will create
more interface between hydrophilic and hydrophobic domains.36 Ion transport is presumed to be
slower at the interface. As a consequence, the ionic conductivity was lower compared to the high
molecular weight polymers at the same chemical composition.
Cobaltocenium-containing block copolymers can be constructed by using RAFT37 or
“living” ROMP.38 ROMP is a preferred method because of the easy of this synthetic procedure.
Tang et al. and Astruc et al. have independently demonstrated that cobaltocenium containing
norbornene derivatives can undergo “living” ROMP with excellent control using Grubbs’ 3rd
generation catalyst.39-42 Molecular weight analysis by GPC by of the obtained block copolymer
cannot be done because cobaltocenium groups strongly interact with the GPC column material. By
cleaving the cobaltocenium and analyzing the backbone polymer by GPC, or by inference from
morphology studies, it suggested the formation of a well-defined block copolymer. However, these
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reported polymers contained either ester or amide linkage, which is alkaline labile. With the
synthetic route of NPCPF6 established, the synthesis of an alkaline stable diblock copolymer is
rather straightforward. In this study, we present our systematic investigation of block copolymer
architectures to understand the fundamental relationships between polymer design and
interconnected ion-channel morphology. For this purpose, a series of cobaltocenium-containing
diblock amphiphilic block copolymers was designed and synthesized. Thin durable membranes
were prepared from these polymers and their morphologies were characterized. The relationships
between the IEC, morphology and ionic conductivity were explored.

4.2 Experimental
4.2.1 Materials
Unless otherwise noted, all reagents were used as received, without further purification.
Cobaltocenium hexafluorophosphate was purchased from Strem Chemicals Inc. Benzyl bromide
and sodium hydride (60 wt% in mineral oil) was purchased from VWR. 5-Norbornene-2-exo,3exo-dimethanol, bis(triphenylphosphine)palladium(II) (PdCl2(PPh3)2) and methyl 5-norbornene-2carboxylate (NCM) were purchased from Aldrich and used as received. Grubbs’ 3rd generation
catalyst was prepared using a reported procedure.38 All solvents (ethyl ether, dichloromethane, and
anhydrous dimethylformamide) were purchased from Fisher Scientific. Tetrahydrofuran (THF)
was distilled over sodium/benzophenone mixture under nitrogen. Dichloromethane (DCM) was
distilled over calcium hydride under nitrogen. Deuterated NMR solvent was purchased from
Cambridge Isotope Laboratories.
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4.2.2 Characterization
1

H NMR (500 MHz),13C NMR (125 MHz) and 19F NMR (470 MHz) spectra were obtained

on a Bruker Ascend-500 MHz Spectrometer using the residual solvent protons as the internal
standard for 1H-NMR. Fourier transform infrared (FTIR) spectroscopy was performed on a PerkinElmer Spectrum 100 with a universal ATR sampling accessory at room temperature. GPC was
performed in TFE with 0.02 M sodium trifluoroacetate at 40 °C using an Agilent 1200 system
equipped with an isocratic pump operated at 1 mL/min. Dynamic light scattering was characterized
using Malvern Nano Zetasizer. SAXS were performed at The Basic Energy Sciences
Synchrotron Radiation Center (BESSRC) at the Advanced Photon Source at Argonne National
Lab on beamline 12 ID-B. A Pliatus 2 M SAXS detector was used to collect scattering data with
an exposure time of 1 s. The X-ray beam had a wavelength of 1 Å and power of 12 keV. The
intensity (I) is a radial integration of the 2D scattering pattern with respect to the scattering vector
(q). Temperature and humidity were controlled within a customized sample oven as described
previously.43 Typical experiments studied three membrane samples and one empty window so a
background spectrum of the scattering through the Kapton windows and nitrogen environment
could be obtained for each set of experimental conditions. The humidity of the sample environment
was controlled by mixing heated streams of saturated and dry nitrogen. Sample holders were
inserted into an oven environment of 60 °C and <10% relative humidity. The samples were allowed
to dry for 40 min before X-ray measurements were taken. Relative humidity was then ramped to
25%, 50%, 75%, and 95% while the temperature was maintained at 60 °C. The equilibrium time
before taking an X-ray spectrum was 20 min between dry, 25%, and 50% and increased to 40 min
between 50%, 75%, and 95% RH. Soaked membranes were dipped in water for at least 12 h and
quickly mounted to the sample holders at 95% RH and subjected to SAXS testing. TEM was
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performed on samples prepared using a Leica UCT ultramicrotome equipped with a cryostage.
Sections approximately 50 nm in thickness were cut using a Diatome diamond knife. High-angle
annular dark field scanning TEM (HAADF STEM) was performed using a JEOL JEM-2100F
TEM, operated at 200 kV. A Gatan 806 HAADF STEM detector was used to collect the dark field
images. The TEM was operated at 200 kV, with a 40 μm condenser aperture, a HAADF STEM
collection angle of 36−126 mrad, and spot size of 0.2 nm. A Gatan digital micrograph was used to
collect and analyze the data. In bright field images, low-Z regions appear bright and high-Z regions
are dark.
Water uptake of the membranes was tested by dynamic vapor sorption. The samples, after
drying in a vacuum oven overnight, were loaded into a glass sample pan hanging from an
ultrasensitive microbalance. The relative humidity was achieved by proportionally mixing dry gas
(nitrogen) and a second water vapor stream controlled by a mass flow controller. The temperature
of the experiments was set to 60 °C for the different humidity cycles. Samples were first kept at
0% RH for 8 h; then the humidity was increased in the sequence: 20%, 40%, 60%, 80%, 95%, and
then deceased to 0% by reducing the humidity following the reverse of the steps. Each humidity
condition was held for 2 h and the cycle was run twice. The equilibrium mass at the end of each
step was used to calculate the water uptake from the isotherm of mass versus relative humidity.
In-plane anion conductivity was calculated by use of electrochemical impedance
spectroscopy (EIS) based on the measurement of the ionic resistance. The Randle’s equivalent
electrical circuit was used to fit the measured Nyquist Plot. The intercept at the lower frequency
was used to determine the total ionic resistance. The frequency range was from 0.4 to 105 Hz with
a fixed voltage magnitude of 10 mV. The membrane was mounted in a four-electrode cell
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connected to a BioLogic VMP3 multichannel potentiostat. The conductivity was calculated from
the equation shown below.
σ = 1/RSL
σ = conductivity, (S/cm); R = resistance, (Ω); S = cross section area of the membrane,
(cm2); L = length of the membrane tested between two electrodes, (cm). An environmental
chamber (Test Equity) was used to control both humidity and temperature during the experiment.
The measurements were performed from 50 to 90 °C under 95% RH. Each testing condition ran
for 16 loops with the first 8 loops for membrane equilibration under the test conditions, and the
last 8 loops for data analysis. For hydroxide conductivity measurements, the Cl- form of the
membrane was soaked in 1 M KOH for 20 h followed by rinsing with degassed deionized water
until the rinsed water had a neutral pH. Then the membrane was mounted and sealed into a four
electrodes Bekk Tech conductivity cell. All the above procedures were performed in a CO2 free
glove box. Hydroxide ion conductivity was measured in an air isolated experimental environment,
which is purged with UHP nitrogen gas.

4.2.3 Synthesis of exo-5,6-bis(benzyloxymethyl)bicyclo[2.2.1]hept-2-ene
The synthesis of exo-5,6-bis(benzyloxymethyl)bicyclo[2.2.1]hept-2-ene (NBdBn) was
modified from a literature procedure.44 To a solution of 2,3-bis(hydroxymethyl)bicyclo[2.2.1]hept-2-ene (1.79 g, 11.6 mmol) in THF (30 mL) was added NaH (1.39 g, 60 wt% in mineral oil,
34.8 mmol) in one portion at 0 oC under Argon. The resulting suspension was stirred at 0 oC for
60 min and then benzyl bromide (4.4 mL, 37 mmol) was added dropwise at 0 oC. The mixture was
allowed to warm to room temperature and stirred for 18 h. Water was added carefully to quench
the reaction. The mixture was extracted with diethyl ether. The organic layers were combined,
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washed with brine, dried with MgSO4, and concentrated. The resulting residue was purified by
column chromatography on silica gel (eluting with hexanes/ethyl acetate =30/1) to obtain 3.4 g
(88%) as a colorless oil: 1H NMR (500 MHz, CDCl3, ppm): δ 1.24 (d, J =8.2 Hz, 1H), 1.39 (d, J =
8.2 Hz, 1H), 2.46-2.47 (m, 2H), 2.89 (s, 2H), 2.95–2.99 (m, 2H), 3.21–3.24 (m, 2H), 4.32 and 4.38
(AB quartet, J = 12.0 Hz, 4H), 5.96 (s, 2H), 7.17–7.27 (m, 10H). ESI-MS: chemical formula:
C23H26O2, calculated: 334.1932 (m/z) observed: 357.1755 (m/z) (M+Na+).

4.2.4 Synthesis of PNCM-b-PNPCPF6 copolymers
The experiment was conducted in a nitrogen glove box. Grubbs’ 3rd generation catalyst
(G3) was dissolved in 1 mL freshly distilled DCM. Methyl 5-norbornene-2-carboxylate (NCM)
(0.10 g, 0.66 mmol) in 1 mL freshly distilled DCM and injected into G3 solution with vigorous
stirring. The mixture was kept under room temperature for 10 min. An aliquot was taken and
quenched by injection of ethyl vinyl ether and stirred for 30 min. At the same time, NPCPF6 (0.10
g, 0.20 mmol) was dissolved in 2 mL anhydrous DMF injected into the rest of the solution. The
reaction was kept under room temperature for an additional 10 min and fully quenched by addition
of ethyl vinyl ether and stirred for 30 min. Both samples were dried under vacuum to remove
volatile small molecules and analyzed by GPC.

4.2.5 NBdBn and PNPCPF6 polymerization rate test
All experiment procedures were done under N2. G3 (1.8 mg, 2.0 μmmol) was dissolved in
1 mL DCM-d2 and charged into a NMR tube, then carefully capped and sealed. It was loaded in
the NMR probe for solvent locking and shimming, then ejected out of the probe. NBdBn (0.055 g,
0.15 mmol) was dissolved in 0.25 mL DCM -d2, charged into a syringe and injected through the
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septum cap into the NMR tube. After vigorous. but short mixing, the NMR tube was loaded again
into the spectrometer and a spectrum was acquired every 30 seconds. For NPCPF6, the same
procedure was followed using acetone-d6 as solvent.

4.2.6 Synthesis of PNBdBn-b-PNPCPF6 copolymers
All experimental procedures were performed under N2 atmosphere. A series of block
copolymers were synthesized. The B1.5 sample preparation is described as a representative
example. G3 (3.6 mg, 4.0 μmmol) was dissolved in 2 mL freshly distilled DCM. NBdBn (0.11 g,
0.31 mmol) was dissolved in 0.5 mL freshly distilled DCM and cannulate into G3 solution for 5
min under room temperature. NPCPF6 (0.2 g 0.40 mmol) was dissolved in 4 mL anhydrous DMF
and injected into the reaction mixture for 10 min under room temperature. The reaction was then
quenched by addition of ethyl vinyl ether and stirred for 30 min.

4.2.7 Anion exchange and membrane formation
The obtained polymer solutions were subjected to ion exchange using the same ion
exchange procedure as described for the PNPCCl-ran-PNBE copolymers in chapter 2. After the
removal of the ion exchange resin by filtration, the filtrate was concentrated to 3-5 mL by nitrogen
flow and cast on a Teflon sheet. The slow evaporation of the solvent under ambient conditions
resulted in thin (20-50 μm) uniform membranes. The as-formed membranes were then soaked in
water, and then dried under ambient conditions.
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4.2.8 Mechanical integrity test
All prepared membranes were subjected to solubility test to ensure mechanical integrity
under alkaline fuel cell operational conditions. A small piece of membrane was soaked in D.I.
water in a 5 mL vial. The vial was careful sealed and heated to 85 oC for 72 h. The integrity of the
membrane was observed by ocular spectroscopy to evaluate its physical appearance. The
remaining membranes were dried under vacuum and dissolved in DMSO-d6 for composition
analysis.

4.2.9 Swelling ratio measurement
Three membrane slices with a dimension 3cm x 0.5cm were prepared for each IEC. The
slices were soaked in D.I. water for 48 h. After measuring the length, the soaked membranes were
dried under vacuum at 60 oC. The dry slice length was measured and compared with the soaked
length. The reported value is the average of three measurements.

4.2.10 Density measurement of homopolymers
Density of the respective homopolymers was measured by adjusting the density of a poor
solvent mixture. When the polymer reached neutral buoyancy, the density of the solvent mixture
was the same as polymers. For PNBdBn, NaCl aqueous solutions were used to evaluate density.
For PNPCPF6 and PNPCCl, mixtures of hexane and bromobenzene were used.
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4.3 Results and discussion
4.3.1 NBdBn synthesis and polymerization rate test
Exo-5,6-bis(benzyloxymethyl)bicyclo[2.2.1]hept-2-ene was reported to undergo “living”
ROMP and the ether linkage makes it an alkaline stable molecule.38 Therefore, it was selected as
the hydrophobic block for block copolymer synthesis.
To estimate the time when the polymerization of the first monomer was almost complete,
so that the sequential monomer can be added, in-situ NMR experiments were used to monitor
monomer conversion. The vinyl proton signal in norbornene at δ = 6.2 ppm shifts to δ = 5.2 ppm
after the ring opens during the course of polymerization. The integration of these two peak can be
used to calculate the monomer conversion.

Figure 4.4 Synthesis of PNBdBn and the NMR spectra of the polymerization rate study at 0
min (red) and 3 min (blue)
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The polymerization was conducted in the NMR tube under nitrogen at room temperature,
which was the same condition for block copolymer synthesis. Because the polymerization was
very rapid, G3 in DCM-d2 solution was locked and shimmed before adding the monomers in order
to save time. The monomer DCM-d2 solution was injected through the cap into the NMR tube to
avoid air contact. After vigorous, but short mixing, the NMR tube was loaded again into the
spectrometer and a scan was acquired every 30 seconds. Surprisingly, even within this short period,
the monomer was fully consumed (Figure 4.4). It suggested that using 30 min to polymerize this
monomer under these conditions was beyond the time required for complete conversion. Even with
such a long reaction time the polymer was found to have a narrow dispersity. Thus the “living”
character of the polymerization was preserved, indicating that secondary metathesis and chain
termination were unlikely to happen within the first 30 min of reaction.38
Polymerization of NPCPF6 was also proven to show some “living” feature with narrow
dispersity, as described previously in chapter 2. A similar fast polymerization rate was also
observed for NPCPF6. This monomer was fully polymerized within 5 minutes, shown in Figure
4.5.

4.3.2 Synthesis of PNCM-b-PNPCPF6 copolymer
To prove that NPCPF6 can be polymerized into a block copolymer, the block copolymer
molecular distribution was required to be characterized by GPC. PNPCPF6 can only be
characterized by GPC using TFE as eluent. However, the homopolymer PNBdBn was not soluble
in TFE. Therefore, we used methyl 5-norbornene-2-carboxylate (NCM) for the hydrophobic block
for GPC characterization instead. Shown in Figure 4.6, NCM was first polymerized and removal
of an aliquot was found to have a narrow dispersity in GPC. To continue the NPCPF6 monomer
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was added and polymerized. The GPC data of the corresponding block copolymer showed a clear
unimodal distribution with increased molecular weight and low dispersity. It suggested that welldefined NPC block copolymers can be made by this method.

Figure 4.5 Synthesis of PNPCPF6 and the NMR spectra of the polymerization rate study at
0 min (red) and 5 min (blue)
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Figure 4.6 Synthesis and GPC traces of PNCM and PNCM-b-PNPCPF6 copolymer

4.3.3 Synthesis and characterization of PNBdBn-b-PNPCCl copolymer.
The synthetic route of PNBdBn-b-PNPCPF6 was straight forward and is shown in Figure
4.7. The monomer NBdBn was first polymerized using G3 at room temperature. After 5 min when
the first monomer was fully consumed, NPCPF6 was added, and allowed to polymerizing for 10
min. The reaction was then quenched by addition of ether vinyl ether and stirred for 30 min.

Figure 4.7 Synthetic scheme for PNBdBn-b-PNPCPF6
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Table 4.1 Sample summary of PNBdBn-b-PNPCCl
Designed

NPC:

Exp.

Exp.

Mn

Đ

IEC

NBdBn

IEC (NMR)

IEC (Titration)

(g/mol)

(GPC)

(mmol/g)

(mole ratio)

(mmol/g)

(mmol/g)

(GPC)

B1.75

1.75

100:49

1.79

1.74

72,500

1.21

B1.5

1.5

100:77

1.48

1.58

77,300

1.14

B1.25

1.25

100:112

1.27

1.28

78,000

1.15

B1.0

1.0

100:166

1.03

1.01

68,700

1.22

The block copolymers were subjected to anion exchange to obtain PNBdBn-b-PNPCCl by
using Amberlite® IRA-400 resin according to a procedure in the literature.39 PNBdBn-b-PNPCPF6
solutions after the polymerization were directly mixed with an excess amount of Amberlite® IRA400 (Cl) ion exchange resin with the addition of 2-5 mL of methanol. The anion exchange process
was conducted for 24 h at room temperature and confirmed by ATR-IR spectroscopy. After
filtration to remove ion exchange resin, the obtained polymer solutions were concentrated to 3-5
mL by N2 gas flow, and directly cast onto a Teflon sheet to form membranes. The solvent was
slowly evaporated in open air to afford a uniform membrane. The membranes were immersed in
water to remove any possible residual monomers. A piece of the membrane was further dried under
vacuum and taken for analysis by NMR and GPC. The result was summarized in Table 4.1.
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Figure 4.8 NMR spectra of PNBdBn-b-PNPCPF6

The IECs of the membranes were tuned from 1.0 mmol/g to 1.75 mmol/g by adjusting the
feeding ratio of the monomers. The composition of the block copolymers was determined by 1H
NMR (Figure 4.8) from the integration of the aromatic region and the cyclopentadienyl region.
The IEC was further confirmed by titrating the Cl anion in the membrane. Both 1H NMR results
and titration were in good agreement with each other and the targeted theoretical values. This
demonstrated that the composition of the membranes can be precisely controlled by adjusting the
feeding ratio of the monomers.
The molecule weight distribution was analyzed by GPC using trifluroethanol (TFE) as
eluent. Shown in Table 4.1, all the MWs of these polymers were narrow dispersed, indicating a
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“living” polymerization character. Interestingly, shown in Figure 4.9, only B1.75 polymer showed
a single peak. Polymers with lower IEC showed another peak with an extremely high molecular
weight well beyond the normal calibration range. These anomalous molecular weights increased
as the polymers became more hydrophobic. It was assumed that this high molecular weight
represented aggregation of the block copolymers in TFE solvent. For B1.75, the hydrophobic block
was relatively short and polymer was hydrophilic enough to be well solvated in solvent. When the
hydrophobic block became longer, they formed larger aggregates.

Figure 4.9 GPC curves of PNBdBn-b-PNPCCl copolymers

4.3.4 Physical properties of PNBdBn-b-PNPCCl membranes
Unlike the random copolymer membranes, which were brittle in the dry state, the block
copolymer membranes were flexible at all humidity values tested. This was because the
hydrophobic PNBdBn block has a Tg of -1 oC and it is therefore rubbery at room temperature.
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s
Figure 4.10 Swelling ratio of PNBdBn-b-PNPCCl membranes compared to PNPC-xPDCPD

The swelling ratio was measured by immersing the membrane in water and measuring the
dimensional change at room temperature. The membranes all swelled when absorbing water, and
the swelling ratios decreased as the membrane become more hydrophobic. Compared to the
crosslinked membranes, because of the lack of crosslinking constrains, the swelling was much
greater for the block copolymers. Similar to the random copolymer analog, block copolymer
membrane with IEC 1.75mmol/g also started to lose mechanical integrity at elevated temperatures
when immersed in water.
The difference between water soluble high IEC block copolymer and random copolymer
was investigated. B1.75 and R1.75 membranes were fully dissolved in water, and the aqueous
solutions were characterized by dynamic light scattering to reveal the size difference between the
polymer aggregates. Shown in Table 4.2 the random copolymer R1.75 was measured to have
smaller diameter. It suggested that was basically a single polymer coil. The PDI was large, further
indicated a random copolymer nature. For block copolymer B1.75, the size of polymer aggregates
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was large, suggested that was a micelle formed by several polymer chains. The PDI was very
narrow, because it was constructed by the self-assembly of narrow-dispersed block copolymers.

Table 4.2 Micelle characterization of PNBdBn-b-PNPCCl and PNPCCl-ran-PNBE
Z-Average(nm)

PDI

B1.75

73.41

1.003

R1.75

14.82

1.636

Dynamic vapor sorption (DVS) measures the water uptake of a material by exposure to
water vapor. Hydration number (λ) is the average number of water molecules absorbed per cation.
A series of λ determination experiments measured at 60 oC with various relative humidity values
(RH) are shown in Figure 4.11. They were within the same range of PNPCCl-ran-PNBE and
PNPCCl-x-PDCPD membranes, suggesting that the morphology had little effect on the water
uptake. The water-uptake of the membranes increased with the increase of IEC from 1.0 mmol/g
to 1.5 mmol/g, but reached a plateau when further increasing IEC. However, λ decreased with
increasing IEC. This is similar to what was observed for copolymer with other AEM materials. 45
But both increase and decrease of λ have been observed with increasing IEC for ion exchange
membranes. In current literature, there is no conclusive relationship between λ and IEC.
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Figure 4.11 Water uptake of PNBdBn-b-PNPCPF6 membranes

4.3.5 Morphology study of PNBdBn-b-PNPCCl
Morphology of the membranes were characterized TEM at dry conditions and by SAXS
under both dry and humidified conditions. Well order microphase separation was observed and
summarized in Table 4.3.
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Table 4.3 Morphology of PNBdBn-b-PNPCCl
Designed

NPC:NBdBn

d-spacing

q/q*

IEC

(vol ratio)

(nm)

(SAXS)

(mmol/g)

Morphology

Average
d-spacing

(SAXS)

(nm)
(TEM)

B1.75

64:36

27.1

1:√3

C

26.2

B1.5

55:45

35.5

1:√3

C

34.2

B1.25

46:54

48.1

1:√3:2

C

48.3

B1.0

36:64

69.3

1:√3:2:√7

C

63.6

Figure 4.12 TEM of PNBdBn-b-PNPCCl with both cylinders and spheres (bright field)
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For all polymer compositions, TEM images (Figure 4.12) showed both lamellar and
spherical features, which represented the cross-section of cylinders. The cylinders were hexagonalpacked, suggesting a typical cylindrical morphology.

Figure 4.13 TEM of PNBdBn-b-PNPCCl with different compositions (bright field)
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The cross-sections of these cylinders were further examined by TEM, shown in Figure
4.13. The images were bright field image, meaning the darker regions represented Co containing
domains. The size and the d-spacing of cylinders clearly increased with lowering the IEC because
of increasing molecular weight of the hydrophobic block. Interestingly, even with those
compositions in which the hydrophobic domain occupied the majority of the volume, it was still
the cobaltocenium-containing cationic domains that were interconnected. An inverted morphology
like this can be explained by the columbic interaction between charges greatly distorting a
conventional block copolymer phase diagram.35 These interconnected domains would significantly
be beneficial for ionic conductivity.

Figure 4.14 SAXS profiles of PNBdBn-b-PNPCCl at dry (left) and humified (right)
conditions
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The cylindrical morphology was further established by SAXS (Figure 4.14), from the ratio
1:√3 of the first two reflections. Multiple high ordering peak suggested a longer-range ordering.
The increases of d-spacing with lowering IEC was confirmed by the SAXS measurements
consistent with what was observed by TEM. For humidified samples, the domain swelling was
clearly observed. As expected, higher IEC membrane swelled more than those with low IECs. The
d-spacing of B1.5, B1.25 and B1.0 membranes increased slightly, that agreed with the small
swelling ratio by the swelling test.

Figure 4.15 SAXS profiles of PNBdBn-b-PNPCCl at different humidities
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To confirm whether the membranes were at thermodynamic equilibrium, rather than in a
micelle like kinetically trapped morphology, annealing experiments were conducted inside the
SAXS instrument with humidity sweep from dry to 95% RH at 60 oC. At this temperature,
PNBdBn is in the rubbery state, and PNPCCl is known to be soluble in water. Therefore,
humidification is a solvent annealing process for the cobaltocenium block. Shown in Figure 4.15,
with increasing humidity, the d-spacing gradually increased. The intensity and the contrast of the
scattering decreased because water molecules lower the contrast. When fully dried again, the
scattering curves went to exactly the same as before. This proved that the membrane was at its
thermodynamic equilibrium.
In the SAXS profiles, no ion cluster peak was observed, suggesting cations are uniformly
distributed within the cationic domain. Such interconnected domains, together with the absence of
ion clustering, serving like a highway, could greatly facilitate ion transport.

4.3.6 Ionic conductivity of PNBdBn-b-PNPCCl membranes
In-plane ionic conductivity was measured at the same conditions compared to the random
copolymers namely a constant humidity (95% RH) as a function of temperature as shown in Figure
4.16. High conductivities were achieved despite the lower IEC and water content present in the
diblock copolymers. The conductivity followed the same trend with random and crosslinked
copolymers, increasing with temperature because ion mobility is higher at elevated temperature,
and increasing with IEC because more cations assisted in the anion transport.
Having compared ionic conductivity between crosslinked membranes and random
membranes, we were able obtain much higher conductivity in both the low temperature region and
high temperature region at all IECs. For the lowest IEC block copolymer B1.0, the ion conductivity
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reached even higher conductivity values than the highest of all random polymers studied. Ion
conductivity increased with increasing IEC. Remarkable chloride conductivity was reached by
B1.75 membrane with 83 m/S at 60 oC. The high conductivity was contributed by the microphase
separation of block copolymer, forming conducting channels, allowing for more rapid anion
transport. The activation energy of chloride ion transport was determined, it was 23.7 kJ/mol for
B1.0, 27.1 kJ/mol for B1.25 and 26.1 kJ/mol for B1.5. These values were lower than the
crosslinked copolymers, but higher than the random copolymer. This finding was unexpected.

Figure 4.16 Ionic conductivity of PNBdBn-b-PNPCCl membranes
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Table 4.4 In-plane chloride conductivity (mS/cm) of PNBdBn-b-PNPCCl membranes
Temperature

B1.0

B1.25

B1.5

B1.75

30

9.91

10.6

11.6

13.3

50

27.4

36.4

43.4

56. 7

65

38.8

45.0

57.7

83.3

80

45.2

57.0

64.4

N/A

90

48.1

69.0

69.2

N/A

(oC)

4.4 Summary and Future Directions
PNBdBn-b-PNPCPF6 amphiphilic block polymer have been synthesized and characterized
for their properties in regards to utility for use in AEMs. NPCPF6 monomer was proven to be
suitable for “living” ROMP. The diblock copolymers were prepared by the “living” ROMP of
cobaltocenium-containing norbornene derivative and norbornene dibenzyl ether. PNBdBn-bPNPCCl copolymer can be obtained by anion exchange. Thin, durable membranes were prepared
by drop-casting of the polymer solutions onto Teflon sheets. X-ray scattering and TEM revealed
that across the investigated volume fractions, the cationic domains in the block copolymer were
the continuous phase, even though they were minor composition in some cases. Despite the low
IEC, highly conductive membranes with low water absorption were obtained. Block copolymer
showed significantly higher ionic conductivity than the random copolymer at the same
composition. This study showed that the microphase separation and the formed interconnected
ionic domain significantly benefit ion transport.
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For future work, norbornene dibenzyl ether was used as the hydrophobic comonomer
because the ROMP of this monomer can show “living” feature. However, the synthesis of this
monomer is rather difficult, and the cost of the monomer is extremely high, considering that the
all exo-configuration of the precursor is the most readily available isomer. Using norbornene could
be of practical benefit, but it polymerizes with the occurrence of significant secondary metathesis.
Lower polymerization temperatures will be required to suppress the secondary metathesis. Thus,
lower reactivity is expected for the monomers, NPC should be polymerized first at room
temperature. Then the reaction temperature should be lowered prior to the polymerization of the
norbornene block. The synthetic scheme is shown in Figure 4.17. However, more experiments are
need to confirm that all PNPCPF6 polymers are able to initiate the block extension.

Figure 4.17 Proposed synthetic route of PNPCPF6-b-PNBE

For another future direction, the same block strategy can be also applied to the norbornene
methyl bromide (NMBr) monomers. Some preliminary experiments have been performed.
Suppressing secondary metathesis by performing the polymerization below room temperature,
NMBr monomer was polymerized at 0 oC for 15 min and showed a dispersity as narrow as 1.10.
This finding suggests that NMBr can be copolymerized by “living” ROMP for block copolymer
synthesis.
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A proposed synthetic route is shown in Figure 4.18, NMBr was polymerized by Grubbs’
3rd generation catalyst at 0 oC to prevent secondary metathesis. When the first monomer reaches
near completion, the reaction is cool to -20 oC. Norbornene was added to synthesize the second
block. The copolymerization will need to be quenched when finished and precipitated to remove
residual monomers.

Figure 4.18 Proposed synthetic route of PNMTMA-b-PNBE.

The block copolymer can be redissolved to cast membranes. The neutral membranes were
soaked in trimethyl amine solution for 24 h at 60 oC for quaternization and obtained final
PNMTMA-b-PNBE.
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CHAPTER 5
AMPHIPHILIC TRIBLOCK COPOLYMERS BASED UPON POLY(VINYL
ALCOHOL)-B-POLYALKENE-B-POLY(VINYL ALCOHOL) FOR PERVAPORATION
MEMBRANES
This work is reproduced in part from PCT (international) Patent Application
PCT/US2016/038518

5.1 Introduction
Amphiphilic block copolymers (ABCs) can self-assemble into various morphologies
including spheres, cylinders and lamellae.1,2 These various microphase separations can form
channels that facilitate small molecule transport. This improvement of the transport has been seen
in many membrane applications, such as water filtration, pervaporation and anion exchange
membranes.3-6
To achieve strong microphase separation, it is necessary to construct polymer blocks with
large immiscibility, also known as χ value. One way is to use monomers with large difference in
hydrophilicity. While the hydrophobic block can vary a lot, the hydrophilic block is usually
composed of poly(ethylene oxide) (PEO) or poly(acrylic acid) (PAA) because of their easy
access.7-10 Another hydrophilic polymer is poly(vinyl alcohol) (PVOH). With a hydroxyl group on
each unit, it is more hydrophilic than PEO and is a widely-studied polymer for membrane
applications.11-14 It has good chemical, thermal and mechanical stability, excellent film forming,
emulsifying and adhesive properties. However, very few studies have focused on the use of
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PVOH-containing amphiphiles, largely due to the difficulty to obtain well-defined PVOHcontaining block copolymers.
PVOH is typically obtained by hydrolysis of poly(vinyl acetate) (PVAc). 15 Unlike other
common polymers such as polystyrene or polyacrylates, well-defined PVAc can only be
synthesized by macromolecular design by interchange of xanthates (MADIX) or cobalt-mediated
radical polymerization (CMRP).16-20 The high reactivity and poor stability of the vinyl acetate
(VAc) propagating radical causes severe chain transfer or retardation when attempts are made to
perform copolymerization through other polymerization techniques.21-23 For example, using
dithioesters or trithiocarbonates as RAFT agents for vinyl acetate (VAc) often resulted in a broad
dispersity.24 Therefore, using common methods, such as sequential monomer addition via
controlled living radical polymerization (CRP), to synthesize PVAc-containing block copolymers
is rather difficult.
Because of this challenge, there are usually two standard ways to synthesis PVAc block
copolymers. One way is to synthesize two individual block with appropriate functional group, and
later link them together. For example, previously in the Coughlin research group, azidefunctionalized PS and alkyne functionalized PVAc was synthesized and linked together by coppercatalyzed click chemistry, shown in Figure 5.1. This method is suitable for the lab scale but not an
industrial scale because of the explosion risk associated with the use of azides.
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Figure 5.1 Synthesis of PS-b-PVAc by copper-catalyzed click chemistry

An alternative approach for synthesizing PVOH-containing block copolymer is to combine
mechanistically incompatible polymerization methods, rather than solely relying on one controlled
living radical polymerization technique. Exemplary block copolymer syntheses combining
mechanistically incompatible monomers include combinations of nitroxide mediated living free
radical polymerization (NMP), ring-opening polymerization (ROP), ring-opening metathesis
polymerization (ROMP) and atom transfer radical polymerization (ATRP).25-28 Using a
difunctional initiator is a common strategy to construct block copolymers from incompatible
monomers. Each functional group of the difunctional initiator will conduct one type of
polymerization for a corresponding monomer. For example, ATRP initiators which combine the
functionality of a RAFT agent has been used to synthesize polystyrene-poly(vinyl acetate)
amphiphilic diblock copolymers (PS-b-PVAc), shown in Figure 5.2.29,30 However, because the
ester linkage between PS and PVAc is hydrolytically unstable, the block copolymer cannot be
hydrolyzed to generate the corresponding PS-b-PVOH block copolymer.
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Figure 5.2 Example of synthesizing PS-b-PVAc29

Preparation of hydrolytically stable PVOH-containing amphiphilic block copolymers can
be achieved by synthesizing end-capped PVAc by CMRP. The end-group can be easily converted
to carbon radicals and then form an alkaline stable carbon-carbon linkage.31 For example, it has
been reported that it is possible to synthesize a functionalized PVAc as a macro-initiator by CMRP,
then take advantage of the cobalt radical end-group to polymerize the hydrophobic block using
RAFT or ATRP.32 Combining CMRP and ATRP methods was explored using CCl3 as an end-group,
but showed poor control over polymerization kinetics.33 Combining CMRP and NMP is another
method, but the monomers that can be used are limited, and have to be carefully selected to match
the polymerization reactivities.34 Another method is to combine CMRP and RAFT by converting
end-capping CMRP radical to a RAFT agent, shown in Figure 5.3, but the conversion was not
efficient.35 Recently, a method to directly convert CMRP end-group to ATRP end-group without
chain-end modification nor difunctional initiator was reported.36 This approach has allowed the
formation of PVOH-containing block copolymers by hydrolysis of the PVAc counterparts. Though
promising, such method was still limited to PS or PMMA both of which have poor mechanical
properties. The inclusion of a polyolefin block that has robust mechanical properties, such as
polybutadiene and polyethylene, is desirable for industrial applications.
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Figure 5.3 Example of synthesizing PS-b-PVAc by CMRP and RAFT35

ROMP is a powerful tool to synthesize polyolefin from cyclic olefin monomers under mild
reaction conditions.37-39 Combining ROMP and other polymerization methods, such as anionic
polymerization, RAFT or ATRP, the synthesis of well-defined triblock copolymer was
explored.40,41 One such example is shown in Figure 5.4. However, most of these examples
extended the outer blocks from an established middle block. In order to use PVAc as the outer
blocks of a triblock copolymer, it is necessary to first polymerize VAc using bulk polymerization.
Otherwise, the highly reactive VAc radical will abstract hydrogen atoms from either solvent or
other monomer repeating units.42,43 Due to such difficulty, combining mechanistically
incompatible monomers has not yet been exploited for the synthesis of PVOH-containing block
copolymers. Nonetheless, there remains a continuing need for well-defined block copolymers
comprising PVOH and robust procedures for their preparation.
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Figure 5.4 Example of synthesizing PNB-b-PS block copolymer41

In this chapter, poly(vinyl acetate)-b-polybutadiene(PBD)-b-poly(vinyl acetate) triblock
copolymer was prepared by a RAFT-ROMP tandem method: mid-functionalized narrow-dispersed
poly(vinyl acetate) (PVAc) was synthesized by a difunctional RAFT agent, then utilizing ringopening metathesis polymerization to extend the middle PBD block. From PVAc-b-PBD-b-PVAc
triblock copolymer, PVOH-b-PBD-b-PVOH, PVAc-b-PE-b-PVAc and PVOH-b-PE-b-PVOH
triblock copolymers have been prepared. These triblock copolymers have a large amphiphilic
character, show clear microphase separation, and are potential candidates for pervaporation
membrane applications.

5.2 Experimental
5.2.1 Materials
4-hydroxybenzyl alcohol, cis-1,4-dichloro-2-butene, phosphorus tribromide, potassium
ethyl xanthate, diisopropylethylamine, cesium carbonate, potassium carbonate, with ptoluenesulfonyl hydrazide, diisopropylethylamine and silica gel were purchased from VWR and
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used as received. Vinyl acetate monomer was obtained from VWR, and prior to polymerization
was passed through a column of aluminum oxide to remove inhibitors. Hexanes, xylene, ethyl
acetate, methanol, magnesium sulfate anhydrous, potassium hydroxide were purchased from
Fisher Chemical and used as received. 2,2-Azobisisobutyronitrile (AIBN) was obtained from
Sigma-Aldrich and recrystallized from methanol. The Grubbs’ 2nd generation (G2) catalyst
(IMesH2)(Cy3P)RuCl2(CHPh) was purchased from Sigma-Aldrich and used as received. 1,5Cyclooctadiene was purchased from Sigma-Aldrich and used as received, or purified by fractional
distillation.

5.2.2 Characterization.
1

H NMR (300 MHz) and

13

C NMR (75 MHz) spectra were recorded on a Bruker

Spectrospin 300 NMR spectrometer with the samples dissolved in chloroform-d2 (CDCl3),
dimethylsulfoxide-d6

(DMSO-d6),

dichloromethane-d2

(CD2Cl2),

or

1,1,2,2-tetrachloroethane(TCE)-d4 (C2D4Cl2). Molecular weight and dispersity were measured by
gel permeation chromatography (GPC) in THF at 40 oC with a flow rate of 1 mL/min on an Agilent
1260 series system, equipped with a refractive index (RI) and ultraviolet (UV) detectors, and two
5 micrometer analytical Mixed-C columns and one 5 micrometers analytical Mixed-D column
from Agilent (300 x 7.5 mm). Fourier transform infrared (FTIR) spectroscopy was performed on
a Perkin-Elmer Spectrum 100 with a universal ATR sampling accessory at room temperature.
Thermal gravimetrical analysis (TGA) was conducted under air with TGA Q500 from TA
Instruments. A 5−10 mg sample was first equilibrated at 25 °C and then heated to 700 °C with a
temperature ramp rate of 10 K/min. Differential scanning calorimetry (DSC) measurements were
conducted using a TA Instruments DSC Q200. Samples were analyzed under a heating rate of 10
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K/min under nitrogen. ESI mass spectra were collected at the UMass-Amherst Mass Spectrometry
Center. Small-angle X-ray scattering (SAXS) measurements were performed with a Ganesha
SAXS-LAB using 0.154 nm (Cu K radiation), sample-to-detector distance was 1,491 mm, and Xray beam area was 0.04 mm2. Transmission electron microscopy (TEM) was performed on a JEOL
2000FX electron microscope operating at 200 kV. The 50 nm thin films for TEM were prepared
using a Leica Ultracut UCT microtome equipped with a Leica EM FCS cryogenic sample chamber
operated at -100 oC.

5.2.3 Chain transfer agent synthesis
5.2.3.1 Synthesis of (Z)-1,4-bis(4-hydroxymethylphenoxy)but-2-ene (Compound 1).
Potassium hydroxide (9.3 g, 160 mmol) and cesium carbonate (2.0 g, 6.0 mmol) were
dissolved in methanol (200 mL). Once the potassium hydroxide was fully dissolved,
4-hydroxybenzyl alcohol (19.8 g, 160 mmol) was added. The solution was heated to 40 °C for 2
h, at which point the solution turned red. Cis-1,4-dichloro-2-butene (10 g, 80 mmol) was added to
the stirring solution dropwise. The solution was maintained at 40 °C for 4 d. Methanol was
removed by evaporation, and the remaining solid was washed with 1 M KOH (aq.) and then rinsed
with deionized water multiple times. The residue was dried under vacuum for 2 d to yield a white
powder (18.8 g, 79.0% yield). 1H NMR (DMSO-d6, ppm): δ 7.19 (d, J = 8.5 Hz, 4H, Ph), 6.88 (d,
J = 8.5 Hz, 4H, Ph), 5.99–5.65 (m, 2H, CH=CH), 5.05 (s, 2H, OH), 4.67 (d, J = 3.7 Hz, 4H,
benzyl), 4.38 (s, 4H, CH=CH-CH2). MS (ESI): m/z = 300 (M+Na+).
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5.2.3.2 Synthesis of (Z)-1,4-bis(4-(ethyl xanthate methyl)phenoxy)but-2-ene (Compound 3).
(Z)-1,4-Bis(4-hydroxymethylphenoxy)but-2-ene (Compound 1) (18.4 g, 61.5 mmol) was
added to a solution of N,N-diisopropylethylamine (17.3 g, 135 mmol) in anhydrous ethyl acetate
(300 mL). The mixture was stirred for 1 h to obtain a suspension. The flask was protected from
light and cooled to 0 °C. Phosphorus tribromide (18.7 g, 68.8 mmol) was added to the reaction
mixture dropwise. The solution was kept in the dark and warmed to room temperature over the
course of 1 h. The product was washed with a potassium carbonate solution, and with brine
solution several times. The organic portion was dried over MgSO4 and filtered to give a solution
of compound 2. Potassium ethyl xanthate (11.2 g, 70.0 mmol) was added directly to the filtered
solution of compound 2 without any further purification and stirred at room temperature for 18 h.
The solution was washed with brine several times. The organic portion was dried over MgSO4 and
the volatiles were removed in vacuo. The crude product was further purified by silica gel column
chromatography, eluting with hexane/ethyl acetate mixtures ranging from 10:1 to 5:1. The
compound 3 was isolated as a light yellow solid after drying under vacuum, or a white fluffy solid
after drying under a stream of nitrogen (11.2 g, 64.4% yield). 1H NMR (300 MHz, CD2Cl2-d2,
ppm): δ 7.27 (d, J = 8.6 Hz, 4H, Ph), 6.85 (d, J = 8.6 Hz, 4H, Ph), 5.90 (t, J = 3.5 Hz, 2H, CH=CH),
4.87–4.34 (m, 8H, =CH-CH2 & CH2-CH3), 4.32 (s, 4H, benzyl) 1.41 (t, J = 7.1Hz, 6H,-CH3). 13C
NMR (75 MHz, CDCl3, ppm): δ =214.18, 157.86, 130.38, 128.56, 127.96, 114,79, 70.05, 64.24,
40.00, 13.88. MS (ESI): m/z = 531 (M+Na+).
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5.2.4 Mid-functionalized Polymer Synthesis and Polymeric Membranes Preparation
5.2.4.1 Synthesis of dixanthate functionalized poly(cyclooctene).
For a typical example, (Z)-1,4-bis(4-(ethyl xanthate methyl)phenoxy)but-2-ene (0.10 g,
0.20 mmol) and cyclooctene(0.20 g, 1.8 mmol) was dissolved in 0.6 g THF, G2 (4.6 mg, 5.4 mmol)
was dissolved in 0.20 g THF. Two solutions were mixed at 35 oC for 1 h. The sample was then
dried by vacuum. 1H NMR (300 MHz, CD2Cl2, ppm): δ 7.31–7.20 (d, Ph), 6.92–6.79 (d, Ph), 5.88–
5.66 (m, CH=CH), 5.46–5.32 (m, CH=CH), 4.64 (q, O-CH2-CH3), 4.44 (d, CH=CH-CH2-O), 4.31
(s, benzyl), 2.17–1.85 (br, CH=CH2-CH2-CH2), 1.48–1.19 (br, -CH2-). GPC (40 oC, THF) (Mn =
2,000 Da, Đ = 1.80)

5.2.4.2 Synthesis of cis-2-butene mid-functional poly(vinyl acetate).
Vinyl acetate (51.7 g, 0.600 mol) was added to a reaction tube containing a mixture of
dixanthate chain transfer agent (Compound 3; 1.02 g, 2.00 mmol) and AIBN (65.6 mg, 0.400
mmol). The mixture was degassed by bubbling with nitrogen for 1 h, followed by stirring at 70
°C for 8 to 24 h (depending on the target molecular weight). The poly(vinyl acetate) product was
obtained by dissolution of the bulk reaction mixture in ethyl acetate, followed by precipitation in
hexane. The poly(vinyl acetate) was precipitated several times to completely remove unreacted
monomer. 1H NMR (300 MHz, CDCl3, ppm) δ 7.06 (d, J = 7.6 Hz, Ph), 6.81 (d, J = 6.9 Hz, Ph),
5.90 (s, CH=CH), 4.85 (s, -CH2-CH-OCO), 4.62 (s, benzyl), 2.14–1.92 (br, OCO-CH3), 1.78 (br,
-CH2-CH-OCO).
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5.2.4.3 Synthesis of poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate) (ABA triblock).
For a typical example, mid-functional poly(vinyl acetate) (4.20 g, 0.600 mmol, Mn = 7,000
g/mol) and G2 (24.7 mmol, 0.0300 mmol) were added to a reaction tube, which was evacuated
and refilled with nitrogen. Dichloromethane (anhydrous, 150 mL) was cannulated into the reaction
tube. 1,5-Cyclooctadiene (10.8 g, 0.100 mol) was degassed by three cycles of freeze-pump-thaw
followed by cannulation to the reaction tube. The mixture stirred at 45 °C for 70 h, until the solution
turned yellow. Following polymerization, volatiles were removed by rotary evaporation. The
triblock copolymer was dissolved in ethyl acetate at 57 °C, giving a green solution, followed by
cooling to 0 °C to cause formation of a suspension. Centrifugation was used to isolate the green
solution (forming a bottom layer). The white gel (forming an upper layer) (1.05 g) was discarded.
The purified polymer was obtained as green waxy solid 13.9 g, 90.3 % yield. 1H NMR (300 MHz,
TCE-d2, ppm): δ 7.04 (d, J = 7.6 Hz, Ph), 6.78 (d, J = 6.9 Hz, Ph), 5.37 (s, CH=CH), 4.88 (s, -CH2CH-OCO), 2.14–1.92 (br, OCO-CH3 & CH=CH-CH2), 1.72 (br, -CH2-CH-OCO).

5.2.4.4 Preparation of poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate) membranes.
Polymer membranes were prepared from poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl
acetate). A polymer solution of poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate) in ethyl
acetate was prepared at a concentration of 5 weight percent. A container was filled with aqueous
saturated brine solution, and the polymer solution (3-10 mL) was transferred to the top of the brine
solution, forming a uniform layer. The container was left under nitrogen/air atmosphere for 1 d, at
which point the ethyl acetate had evaporated, leaving a uniform membrane on the surface. The
resulting polymer membrane was exposed to 302 nm UV light overnight to effect crosslinking.
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5.2.4.5 Solid state hydrolysis to obtain poly(vinyl alcohol)-b-polybutadiene-b-poly(vinyl
alcohol) membranes (OBO triblock).
The poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate) polymer membrane was
immersed in a saturated aqueous solution of potassium hydroxide (KOH) for 7 days at room
temperature or 50 °C, with mild stirring so as not to disrupt the structure of the membrane. The
resulting film was washed with water and dried under reduced pressure. Infrared (IR) spectroscopy
was used to confirm the hydrolysis, forming a free-standing polymer membrane comprising
poly(vinyl alcohol)-b-polybutadiene-b-poly(vinyl alcohol).

5.2.4.6 Synthesis of poly(vinyl acetate)-b-polyethylene-b-poly(vinyl acetate) (AEA triblock).
Poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate) polymer (2.39 g, 27.0 mmol
based on ethylene segment) was dissolved in 200 mL xylene with p-toluenesulfonyl hydrazide
(9.98 g, 53.6 mmol) and diisopropylethylamine (13.8g, 107 mmol). The reaction was bubbled with
N2, then heated up to 110 oC with a bubbler attached for 6 h until no bubbles were being generated.
The cloudy solution was immediately precipitated in methanol/water mixture (volume ratio 3:1),
followed by centrifugation to afford a white solid. 1H NMR (300 MHz, TCE-d2, ppm): δ 4.95 (s, CH2-CH-OCO), 2.10 (br, OCO-CH3), 1.83 (br, -CH2-CH-OCO), 1.36 (br, CH2).

5.2.4.7 Preparation of poly(vinyl acetate)-b-polyethylene-b-poly(vinyl acetate) membranes.
Poly(vinyl acetate)-b-polyethylene-b-poly(vinyl acetate) powder was sandwiched between
two Kapton® film and put into a melt-pressing instrument. The heating plate was set at 160 oC and
the pressing lasted 10 min. A 200 μm membrane was obtained and peeled off the Kapton® film.
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5.2.4.8 Preparation of poly(vinyl alcohol)-b-polyethylene-b-poly(vinyl alcohol) membranes
(OEO triblock).
The poly(vinyl acetate)-b-polyethylene-b-poly(vinyl acetate) polymer membrane was
immersed in a 1 M aqueous solution of KOH for 10 d at 60 °C with mild stirring. The resulting
film was washed with water and dried under reduced pressure. Infrared spectroscopy was used to
confirm the hydrolysis, forming a free-standing polymer membrane comprising poly(vinyl
alcohol)-b- polyethylene -b-poly(vinyl alcohol).

5.3 Results and discussions
5.3.1 Synthesis of difunctional chain transfer agent
The overall synthetic route is shown in Figure 5.5. To perform both MADIX and ROMP,
a molecule with both xanthates and cis-alkene functionality was designed. The xanthate allows for
the controlled polymerization of VAc, and the cis-alkene allows the insertion of cyclic olefins by
ROMP through a chain transfer mechanism.
The molecule was synthesized from 4-hydroxybenzyl alcohol. Because of the different
acidity between the two hydroxyl groups in 4-hydroxybenzyl alcohol, only the phenol hydroxyl
will be deprotonated and perform nucleophilic substitution to yield cis-1,4-dichloro-2-butene to
form molecule 1. 1 was isolated and characterized by nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry. It was further reacted with two molar equivalents of
phosphorus tribromide to convert the benzyl alcohol groups to benzyl bromides, molecule 2. 2
could be separated by column chromatography. However, due to its light sensitivity, the reaction
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mixture was directly reacted with potassium ethyl xanthate without purification to give the
dixanthate chain transfer agent shown as molecule 3, which could then be purified by column
chromatography.

Figure 5.5 Synthetic scheme for difunctional chain transfer agent
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Figure 5.6 1H (top) and 13C (bottom) NMR characterization of 3
(Lettering refers to labelling shown in Figure 5.5)
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5.3.2 Synthesis of dixanthate functionalized poly(cyclooctene)
To confirm the metathesis feasibility of the cis-alkene group in 3, cyclooctene was
polymerized by ROMP using G2 in the present of 3 at 40 oC in a dichloromethane solution. (Figure
5.7)

Figure 5.7 Synthetic scheme for dixanthate functionalized poly(cyclooctene)

Table 5.1 Samples of dixanthate functionalized poly(cyclooctene)

1

o

a. Based on H-NMR end-group analysis. b. THF GPC, 40 C PMMA standard

Shown in the Table 5.1, polycyclooctene samples bearing xanthate end-groups were
prepared with different molar ratios of the chain transfer agent to the cyclic olefin monomer. 3
acted as a chain transfer reagent where the cyclic olefin inserted through the alkene group. As
expected, the molecular weight of poly(cyclooctene) prepared by ROMP with the CTA was found
to be inversely proportional to the amount of dixanthate agent employed in the polymerization.
The dispersity of the polymer was close to 2, which indicated an equilibrium distribution due to
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secondary metathesis. This confirmed that the alkene functionality on the CTA has high reactivity
towards ROMP with no negative effects due to the xanthate end-groups.

5.3.3 Synthesis of cis-2-butene mid-functional poly(vinyl acetate)
Alkene mid-functionalized PVAc were synthesized by RAFT polymerization using AIBN
as an initiator and 3 as chain transfer agent, as shown in Figure 5.8. The molar ratio of initiator to
chain transfer agent was 1:5 (1:10 for xanthate groups) and the RAFT polymerization was
conducted at 70 °C for the desired time intervals. Table 5.2 summaries the reaction conditions and
results for MADIX polymerizations of vinyl acetate. The resulting polymers had dispersity values
of 1.20 to 1.30, suggesting that the polymerization was reasonably well-controlled. The good
control of the polymerization was also confirmed by the agreement of the Mn of PVAc determined
by 1H NMR and GPC. The polymers were synthesized in a range of Mn from 3,000 to 14,000
g/mol. 1H NMR spectroscopy was also used to verify that the cis-2-butene functionality of the
chain transfer agent was preserved during the RAFT polymerization, specifically noting the
resonance at  5.90 ppm (Figure 5.9). This was presumably due to the rigidity of 3 that prevents a
radical center from backbiting. Steric hindrance also protected the alkene from being attacked as
the polymer molecular weight grows. Moreover, α,β-disubstituted alkenes are, in general, inert to
radical polymerization.

Figure 5.8 Synthetic scheme of cis-alkene mid-functional poly(vinyl acetate)
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Figure 5.9 1H NMR characterization of cis-2-butene mid-functional poly(vinyl acetate)

Entry

Table 5.2 Samples of cis-2-butene mid-functional poly(vinyl acetate)
[AIBN]:
Mna
Mnb
Đb
Conversionc
[dCTA]:
(g/mol)
(g/mol)
(GPC)
(NMR)
[Monomer]
(NMR)
(GPC)

PVAc-3k
1:5:1500
3,300
4,100
1.29
11.3%
PVAc-4k
1:5:1500
4,300
5,400
1.21
18.0%
PVAc-6k
1:5:1500
6,500
6,700
1.20
23.1%
PVAc-7k
1:5:1500
7,100
7,700
1.26
23.3%
PVAc-8k
1:5:1500
7,700
8,600
1.28
36.5%
PVAc-12k
1:5:1500
11,500
14,700
1.22
48.0%
PVAc-14k
1:5:1500
13,700
17,800
1.26
50.9%
a
Based on 1H-NMR end-group (phenyl & alkene) analysis. b Based on GPC with THF as eluent,
40 oC, referenced to PS standards. c Based on monomer to polymer ratio after polymerization.

The above-described PVAc polymers were used as a macromolecular chain transfer agents
and tested for its chain transfer ability by a “chain-scissoring” experiment. Mid-functionalized
PVAc was mixed with an excessive amount of 1-hexene and G2 using 1-hexene as solvent (Figure
5.10). Because of the secondary metathesis between the alkene group in PVAc and 1-hexene, the
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PVAc chain will be cut in half. GPC analysis (Figure 5.11) showed that the molecular weight was
reduced by half and MALDI-mass spectrum (Figure 5.12) revealed the new polymers are with
either ethenyl or hexenyl end-group as expected. This experiment proved that even in the polymer,
the alkene functionality is very active towards ROMP and can be used as a macro-CTA.

Figure 5.10 Chain Scissoring test of mid-alkene functionalized PVAc

Figure 5.11 GPC of Chain Scissoring test of mid-alkene functionalized PVAc.
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Figure 5.12 MALDI-MS of Chain Scissoring test of mid-alkene functionalized PVAc
(The labelling refers to the polymer end-group numbering in Figure 5.10)

5.3.4 Synthesis of poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate)
The synthetic procedure to form a triblock copolymer using a cyclic olefin by ROMP is
shown in Figure 5.13. G2 was used due to its better chemical stability against impurities, and its
longer life time compared to Grubbs’ 3rd generation catalyst. 1,5-cyclooctadiene was selected as
the cyclic olefin monomer due to its slower ROMP kinetics compared to other cyclic olefin
monomers (e.g. cyclooctene), which allowed for more secondary metathesis.44 The polymerization
reaction was carried out at 45 oC to facilitate the secondary metathesis. The clear peak shift in GPC
trace confirmed a successful chain extension without any unreacted macro-CTA (Figure 5.14).
The polymer was purified by solvent extraction. PBD has poor solubility in cool ethyl acetate but
moderate solubility once heated, while the triblock copolymer was well soluble in ethyl acetate.
The polybutadiene homopolymer was isolated by heating the polymer mixture in ethyl acetate to
dissolve all the polymers, then cooling the solution down to room temperature, followed by
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centrifugation. The polybutadiene homopolymer floated on the surface of ethyl acetate due to its
low density, allowing for easy removal. This can be further confirmed by the GPC trace in Figure
5.14, where little or no oligomer of PBD was left after the purification (black trace) as evidenced
by the absence of low molecular weight material in the chromatogram. Most of the triblock
copolymer remained in solution, and was collected by evaporating the solvent under nitrogen. The
triblock copolymer structure was confirmed using 1H NMR spectroscopy, and molecular weight
distribution was determined by GPC.

Figure 5.13 Synthetic scheme for poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate)

Comparing the GPC traces (Figure 5.14) before and after the insertion chemistry, there was
a clear molecular weight shift. After centrifuging to remove the homopolymerized polybutadiene,
the peak was more Gaussian-like and the low molecular weight region showed no signal. A UV
detector set at 365 nm, which tracked the xanthate end group, was used together with the RI
detector, and revealed identical traces. This suggested that the poly(vinyl acetate) and
polybutadiene were chemically tethered.
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Figure 5.14 1H NMR characterization (left) and GPC trace (right) of poly(vinyl acetate)-bpolybutadiene-b-poly(vinyl acetate)

To guide further syntheses of the triblock copolymer, reaction conditions that can influence
the metathesis polymerization were studied. Solvent polarity and the molecular weight of the
macro-CTA are two key factors that most affects the insertion efficiency (IE) (Figure 5.15). IE
was defined as the mole percent of cyclic olefin monomer repeat units present in the triblock
copolymer compared to the feed ratio. The relationship between IE and the molecular weight of
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PVAc was conducted using toluene as solvent. The efficiency was very high at low molecular
weights and unrelated to molecular weight, but decreased significantly above 10,000 g/mol. This
was due to the steric hindrance of higher Mn polymer that inhibited the Grubbs’ catalyst to perform
secondary metathesis at the alkene functionality. Secondly, a series of solvent combinations with
dichloromethane (DCM) and toluene were evaluated for the reaction. Surprisingly, the IE did not
follow a monotonic trend. The reason we suspect is that the ROMP reaction was much faster in
DCM than in toluene. If the polymer chain grew too fast and too long, it will be difficult for the
Grubbs’ catalyst to access the alkene functionality to perform secondary metathesis. In order to
achieve higher IE, it would be better to slow down the reaction so that the polymer chain will not
grow too fast to cause steric hindrance. Therefore, using toluene as the solvent gave the highest
IE. However, the reaction may be too slow in toluene, leading to G2 degradation and insufficient
secondary metathesis. As a result, using DCM gave the fastest reaction rate and also obtained a
decent IE. Instead of taking advantage of these two solvents, using a mixture of solvents actually
showed the disadvantage from both and gave a lower IE, which was not fully understood.

Figure 5.15 Insertion efficiency in different molecular weight of the macro chain transfer
agents (left) or solvent combination with toluene and dichloromethane (right)
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From all the triblock copolymers that were synthesized, 5 block copolymers with different
compositions were selected to discuss the structure-morphology-property relationships (Table
5.3).

Table 5.3 Samples poly(vinyl acetate)-b-polybutadiene-b-poly(vinyl acetate)
Entry

Component

Mna
(PVAc)

Mna
(PBD)

Đb

P1

PVAc1.5k-PBD1k-PVAc1.5k

3K

1K

1.24

P2

PVAc1.5k-PBD4k-PVAc1.5k

3K

4K

1.55

P3

PVAc1.5k-PBD8k-PVAc1.5k

3K

8K

1.69

P4

PVAc4k-PBD4k-PVAc4k

8K

4K

1.60

P5

PVAc6k-PBD4k-PVAc6k

12K

4K

1.40

a

Based on 1H-NMR end-group (phenyl & alkene) analysis. b Based on GPC with THF as eluent,
40 oC, referenced to PS standards.

5.3.5 Thermal Properties of PVAc-b-PBD-b-PVAc
The thermal properties of the ABA triblock copolymers were characterized by TGA and
DSC. The two-step degradation in TGA corresponded to the acetate group on the vinyl acetate
degradation followed by backbone degradation (Figure 5.16).
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Figure 5.16 TGA trace of PVAc-b-PBD-b-PVAc (P4) triblock copolymer under N2

Figure 5.17 DSC curves of ABA triblock copolymers with fixed outer PVAc block (left) and
with fixed middle PBD block (right)
In DSC plots (Figure 5.17), large endotherms between 10 oC and 30 oC were caused by the
semi-crystalline nature of trans-PBD component that was introduced by ROMP. As the PBD block
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length increases, the Tm also increased dramatically. When fixing the block length of PBD while
varying PVAc, the Tm temperature remained almost the same as expected. (The small variation
was due to the subtle difference between molecule weight of PBD blocks.) The Tg of PVAc should
be observed around 35 oC.46 It was likely buried under the big melting endotherm of trans-PBD
and cannot be distinguished.

5.3.6 Preparation of PVAc-b-PBD-b-PVAc polymer membranes
Because the molecular weights of the obtained polymers were below the entanglement
molecular weight, simple drop casting will not yield a membrane with sufficient mechanical
strength. Thus float coating was applied. A polymer solution of poly(vinyl acetate)-bpolybutadiene-b-poly(vinyl acetate) in ethyl acetate was prepared at a concentration of 5 weight
percent. A container was filled with aqueous saturated brine solution to minimize the solubility of
ethyl acetate in water. The polymer solution (3-10 mL) was carefully transferred to the top of the
brine solution, resulting in a floating uniform layer. The container was left under nitrogen/air
atmosphere for 1 d. The ethyl acetate evaporated, leaving a uniform membrane on the surface. The
resulting polymer membrane was exposed to 302 nm UV light overnight to affect crosslinking.
Afterwards, a flexible membrane was obtained and removed from the container for further
evaluations.
The mechanism of the crosslinking reaction is not yet clear. Due to the light sensitivity of
the xanthate end-group, there was a large possibility that the xanthate generated radicals and
initiated the crosslinking reaction of polybutadiene.45 Indirect evidence of this reaction was noted
during the synthesis of the dCTA, the product changed color if exposed to light for the time during
the purification by column chromatography. This crosslinking even occurred under visible light at
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ambient conditions, leading to an insoluble membrane. As a further control experiment,
polybutadiene was synthesized by ROMP, and found to be fully soluble after 2 months stored
under dark and ambient conditions. Regardless of the mechanism of crosslinking, the PBD block
formed a crosslinked network providing a better mechanical strength. At the same time, the
hydrophilic block was uncrosslinked, providing a high flux for small molecule transport.

5.3.7 Preparation of poly(vinyl alcohol)-b-polybutadiene-b-poly(vinyl alcohol) membrane
Triblock copolymer membranes, referred to as OBO, were obtained by solid state
hydrolysis of ABA triblock crosslinked polymer membranes. The poly(vinyl acetate)-bpolybutadiene-b-poly(vinyl acetate) polymer membrane was immersed in a saturated aqueous
solution of KOH)for 7 days at room temperature or 50 °C, with mild stirring to not disrupt the
structure of the membrane. The resulting film was washed with water and dried under reduced
pressure. Infrared (IR) spectroscopy both ATR (Figure 6.9) and transmission mode was used to
confirm hydrolysis. The total disappearance of peaks at 1736 cm-1 (C=O) and 1236 cm-1 (C-O)
proved the nearly 100% cleavage of the acetyl groups. A free-standing polymer membrane was
obtained,

comprising

poly(vinyl

alcohol)-b-polybutadiene-b-poly(vinyl

alcohol).

DSC

measurement showed no crystallization exotherm of PVOH block, suggesting that the crosslinking of
the PBD may inhibit crystallization.

Figure 5.18 Synthetic scheme of hydrolysis for poly(vinyl acetate)-b-polybutadiene-bpoly(vinyl acetate)
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Figure 5.19 FT-IR spectra of PVAc-b-PBD-b-PVAc triblock copolymer before (red) and
after (blue) hydrolysis.

5.3.8 Morphology Studies on the triblock amphiphilic copolymer
The morphologies of both ABA triblock copolymer membranes and OBO triblock
copolymer membranes was characterized by SAXS and TEM. Surprisingly, even the triblock
copolymer with the lowest molecular weight shows phase separation. In SAXS profiles, both ABA
and OBO triblock copolymer showed an increase of d-spacing with the increasing of molecule
weight (Table 5.4). Although the peaks were not very sharp even after thermal annealing,
suggesting the crosslinking inhibited the polymer chain movement, especially for polymers with
high PBD content where increased crosslinking was likely. Only P1H showed a 2nd-order peak,
corresponding to a lamellar morphology. All the d-spacing values were very large considering the
small molecular weight, suggesting that the polymer chains were fully stretched due to the large χ
value between the two monomers.
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Table 5.4: Examples of PVAc-b-PBD-b-PVAc and corresponding PVOH-b-PBD-b-PVOH

a

Based on 1H-NMR end-group (phenyl & alkene) analysis. b Based on GPC with THF as eluent,
40 oC, referenced to PS standards.

Figure 5.20. SAXS profile of ABA triblock copolymer membranes (left) and their
corresponding OBO triblock membranes (right)
TEM images were taken with thermally annealed sample, using OsO4 to stain the PBD
block (Figure 5.21). Generally, with a fixed PVOH length, the phase separation was greater with
increasing Mn of the PBD block, due to the larger mismatch between the two blocks. The
morphology evolved from a disordered phase separation to a clear lamella structure. With fixed
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PBD block length, the phase separation weakened with increasing Mn of PVOH block, probably
due to the strong interaction between PVOH segments and the crosslinking of PBD inhibited the
chain rearrangement.

Figure 5.21 TEM images of OBO triblock membranes with fixed outer PVOH blocks (First
row) and fixed middle PBD block (Second row) (TEM samples were stained by RuO4)

5.3.9 Synthesis of poly(vinyl acetate)-b-polyethylene-b-poly(vinyl acetate)

Figure 5.22 Hydrogenation of PVAc-b-PBD-b-PVAc triblock copolymer
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Polyethylene has greater oxygen and chemical resistance compared to polybutadiene.
Poly(vinyl acetate)-b-polyethylene-b-poly(vinyl acetate) AEA triblock copolymer can be obtained
by the hydrogenation of ABA triblock copolymers using p-toluenesulfonyl hydrazide as (Figure
5.22). The successful hydrogenation was confirmed by 1H NMR where the hydrogen on the
unsaturated carbon was replaced by the saturated signals of methylene units (Figure 5.24). The
complete hydrogenation was also confirmed by thermal analysis. From DSC measurement (Figure
5.24), the melting point was 121 oC, the crystallization temperature was 102 oC. The degree of
crystallinity was calculated as 62.5% from the crystallization enthalpy. All of this data agreed very
well with a commercially available HDPE.
Membranes of PVAc-b-PE-b-PVAc can be prepared by both solution casting and melt
pressing. In solution casting, 0.1 g polymer was dissolved in 3 mL tetrachloroethane at 100 oC
then cast on a Teflon sheet heated to 100 oC to prevent the polymer from precipitation. The solvent
was slowly evaporated, leaving a thin film. However, because the solubility of the polymer was
limited, the film was too thin and did not exhibit enough mechanical properties for it to be peeled
it off from the Teflon substrate. AEA triblock copolymer membrane was prepared by melting
pressing at 160 oC because the poor solubility of PE block prevents the polymer solution to form
a robust membrane. A transparent 100 μm membrane was obtained (Figure 5.23). The membrane
was brittle because the PE block is semi-crystalline and with a relatively low molecular weight.
Shown in Figure 5.25, the SAXS data revealed a very wide peak corresponding to 20-30 nm
feature. The broad peak remained after thermal annealing, suggesting that the d-spacing of the
AEA triblock copolymer is not uniform. This can be explained by the polydispersity of the middle
PE block that was from the dispersity present in the precursor PBD block. In the bright field TEM
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image, the dark domain was the RuO4-stained PVAc block. A clean lamellar microphase
separation was observed with uneven d-spacing, which agreed with the wide SAXS peak.
Compared to the ABA triblock copolymer, the phase separation was more obvious, because of the
larger incompatibility between PE and PVAc.

Figure 5.23 Appearance of PVAc-b-PE-b-PVAc power (left) and membrane (right) after
melt pressing
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Figure 5.24 1H NMR spectrum (top) before and after the hydrogenation and DSC plot
(bottom) of PVAc-b-PE-b-PVAc
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Figure 5.25 SAXS profile (left) and TEM image (right) of AEA triblock copolymer. (TEM
sample was stained by RuO4)

5.3.10 PVOH-b-PE-b-PVOH membrane preparation
Melt pressed PVAc-b-PE-b-PVAc membrane was soaked in 2 M KOH aqueous solution at
60 oC for 10 d. The membrane was too thick for transmission IR, thus only ATR-IR was employed
to characterize the extent of surface hydrolysis. In the IR spectrum (shown in Figure 5.27), peaks
at 1736 cm-1(C=O) and 1236 cm-1(C-O) had disappeared, suggesting at least the surface was fully
hydrolyzed. It can also be seen that the surface was much more hydrophilic after hydrolysis. The
attempt to obtain poly(vinyl alcohol)-b-polyethylene-b-poly(vinyl alcohol) membranes followed
the same procedure as the hydrolysis of ABA triblock copolymer membranes. However, due to the
great hydrophobicity of PE and the blocking from the crystal structure of PE, KOH solution was
very difficult to penetrate into the membrane. As a result, IR spectroscopy revealed that only partial
conversion was achieved even at the exterior of the membrane (Figure 5.27).
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Figure 5.26 Base hydrolysis of PVAc-b-PE-b-PVAc triblock copolymer
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Figure 5.27 ATR-IR spectra before and after the hydrolysis of the triblock copolymer

5.4 Summary and Future Directions
In this work, efforts were presented to synthesize triblock copolymers and understand their
structure-morphology-property relationships. A new difunctional CTA was synthesized with
xanthate end-group and alkene functionality. Narrow dispersed PVAc with alkene mid-group was
synthesized by RAFT utilizing this CTA. PVAc-b-PBD-b-PVAc triblock copolymers were
synthesized by using ROMP to extend the middle PBD block with cyclooctadiene. The polymer
was fabricated to a free-standing membrane by float coating and UV crosslinking. PVOH-b-PBD163

b-PVOH membranes were obtained by the hydrolysis of PVAc-b-PBD-b-PVAc membranes. The
morphologies of PVOH-b-PBD-b-PVOH with different molecular weights were systematically
studied. Even the low molecular weight polymers exhibit microphase separation. PVAc-b-PE-bPVAc triblock copolymer was obtained by hydrogenation of PVAc-b-PBD-b-PVAc, showing
clear microphase separation. This chapter described a new and straightforward method to
synthesize PVOH-polyolefin triblock copolymers and similar syntheses can be further utilized in
other incompatible monomer pairs to build more sophisticated polymer architectures.

As a future study, to increase the degree of polymerization of each block is a priority. High
molecular weights usually offer better mechanical properties. So far, most of the block polymers
synthesized were in the low molecular weight regime. Because there is only one alkene
functionality on the poly(vinyl acetate) chain, the longer the length of the PVAc chains, the more
difficult it will be to insert cyclic olefin monomer. Moreover, the steric hindrance of a longer chain
will also lower the possibility of insertion. Methods like dropwise addition of cyclic monomer
could benefit the insertion because monomers diffuse faster than a homopolymer and react with
the Ru reactive center easier. The addition of the first monomer will then increase the alkene
functionalities on the backbones, raising the number of reactive spots for insertion. Another
challenge will be the separation of the block polymers from the homopolymerized polybutadiene.
As the chain gets longer, the block polymers might form micelles instead of a true solution in the
ethyl acetate solution. The polybutadiene homopolymer could be encapsulated and bring obstacles
to further separation.
Additionally, hydrogenation is usually done using hydrogen gas on an industrial scale. It
has several advantages. It saves on the cost of highly toxic chemicals and the clean reaction avoids
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additional purification steps. A successful H2 gas hydrogenation of the polybutadiene blocks
represents significant progress for industrial manufacturing. During our attempt to hydrogenate
ABA triblock copolymers, Crabtree’s catalyst was used but only reached very low yield. After the
reaction, red coagulations of catalyst were seen in the container, suggesting that the catalyst had
been deactivated. It is not clear if it is the xanthate end-group that terminate the catalyst. It is
necessary to investigate the cause and the solution to this problem in order to apply hydrogenation
in a large scale.
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CHAPTER 6
CONCLUSIONS AND FUTURE OUTLOOK
6.1 Dissertation Summary
Membrane technology is a powerful tool that enables selective transport, or separation, of
substances between two distinct environments. With emerging novel applications, membranes
with complicated structures are needed to meet extreme performance requirements. Using
elaborate synthetic techniques, the structures and thus the properties of synthetic membranes can
be tailored. The findings of this dissertation contribute learnings for the design of novel synthetic
membrane materials for small molecule transport. With the aid of rational polymer and monomer
designs, the relationship between polymer morphology and transport properties are being
elucidated.
In chapters 2, 3 and 4, the syntheses of random, crosslinked and block copolymers based
on the cobaltocenium phenylene norbornene monomer (NPC) have been described. The all carbon
connection structure of these copolymers ensures greater alkaline stability. This novel monomer
can be homopolymerized by ROMP with quantitative yields. The obtained copolymers showed
excellent thermos-oxidative stability and a low enough reduction potential to be electrochemically
stable under fuel cell operational conditions. Random copolymers, crosslinked networks and
amphiphilic diblock copolymers were prepared by copolymerizing NPC with different
hydrophobic monomers: norbornene for random copolymers, dicyclopentadiene for crosslinked
networks and a norbornene benzyl ether monomer for amphiphilic diblock copolymers. The
composition of these copolymers was precisely controlled by adjusting the feed ratio of the
comonomers. Mechanical robust membranes were prepared from these copolymers. Through
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elaborate efforts for polymer synthesis, the structures of the polymers were systematically adjusted
to achieve different morphologies and conductivity properties.
Polymers with different architectures exhibited entirely different morphologies. Random
copolymers showed disordered interconnected cobaltocenium domains with ion clusters present,
whereas crosslinked networks showed homogenous distribution of ions without any aggregation
due to lack of ion rearrangement. The amphiphilic diblock copolymers showed cylindrical
microphase separation across all of the investigated volume fractions (36% to 64%), and the
cationic domains were found to form the continuous phase even though they constituted the minor
volume component.
The morphologies of the membranes were found to have little effect on the water uptake
of the membranes. Shown in Figure 6.1, for all three different architectures, cobaltoceniumcontaining membranes showed lower water uptake compared to membranes containing
ammonium cations.1 Water uptake generally increased with increasing IEC for all three types of
membranes. The hydration value λ exhibited different trends for three different types of AEMs,
which is not yet fully understood. It appears that the water uptake is only related to the
hydrophilicity of the membranes, rather than the architectures.
However, the architecture significantly influences the ionic conductivity of the membranes.
Compared in Figure 6.2, the crosslinked membranes showed lower conductivity compared to the
random copolymer membranes at the same composition. However, higher IECs can be achieved
by crosslinking with concomitant improved mechanical integrity relative to their random
copolymer analogs, ultimately allows for reaching higher ion conductivity values. For the diblock
copolymer, formation of a conducting ion channel and elimination of the presence of ion clusters
allow for significantly higher ionic conductivity than the random copolymer or the crosslinked
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networks at the same composition. This study showed that the microphase separation and
formation of an interconnected ionic domain greatly influenced ion transport.

Figure 6.1 Water uptake of cobaltocenium copolymers with different architectures

Figure 6.2 Chloride conductivity of cobaltocenium copolymers with different architectures
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In chapter 5, the advantage of using block copolymer for small molecule transport was
expanded to water/alcohol pervaporation separation membrane. Poly(vinyl acetate)-bpolybutadiene-b-poly(vinyl acetate) triblock copolymer was synthesized by a RAFT-ROMP
tandem approach. A difunctional chain transfer agent (dCTA) with both RAFT and ROMP
functionality was synthesized efficiently on a large scale. The triblock copolymers were obtained
by using the xanthate group on the dCTA to synthesize narrow-dispersed PVAc and the
subsequently utilizing ROMP to extend the middle PBD block. The obtained triblock copolymers
were cast as thin membranes, and the PBD was crosslinked by UV radiation for mechanical
robustness. Finally, solid state hydrolysis of the PVAc afforded PVOH-b-PBD-b-PVOH
membranes. Different compositions of the polymers resulted in different morphologies. A longer
PBD block, or a shorter PVOH block contributed to a stronger phase separation. The PBD block
in PVAc-b-PBD-b-PVAc copolymers was hydrogenated to polyethylene to obtain PVAc-b-PE-bPVAc. With larger amphiphilicity, this new triblock copolymer showed stronger microphase
separation even with relatively low molecular weights for each of the segments. This study
invented a new methodology to construct amphiphilic triblock copolymers with well-defined
morphologies.

6.2 Future Directions
Currently, the research about AEMs generally falls into two general categories. The first
involves the chemical modification of existing cations, to achieve better alkaline stability,
including the use of steric hindrance and long spacers.2-4 The second approach incorporates wellstudied cations onto commercially available polymer backbones.5-7 Though membranes prepared
by either of these two approaches are reported to have slightly better performance in regards to
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either alkaline stability or ionic conductivity, there remains a great need for further innovation.
Breakthrough can be made in either the development of novel stable cations or novel polymer
architectures.
New alkaline stable cations are in great need for future AEM studies. New cations prepared
by facile synthetic approaches are being slowly being developed. Recently, it was reported that
ruthenium, nickel and cobalt based cations, shown in Figure 6.3, are good candidates for AEM.8
One the other hand, heteropoly acids, such as silicotungstic acid, has been used in PEM, showing
promising properties.9 Similar heteropoly bases for AEM are expected to be invented in the near
future.

Figure 6.3 Examples of new alkaline stable cations.8

Another direction for better transport properties would be to develop membranes with
novel architectures. Interpenetrating polymer network structures (IPNs) are ideal for membranes
that require efficient transport.10 Both domains are interconnected: transport can be enhanced by
the hydrophilic framework while the hydrophobic framework provides mechanical strength. Using
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polymer blends to prepare IPN has been reported, showing good conductivity together with good
mechanical strength.11 However, polymer blends only generated macrophase separation.
Microphase separation by block copolymer is preferred because more connecting channels can be
created, that leads to improved ion transport. However, for a diblock block copolymer, such
morphology can only exist within a very narrow composition window and it is synthetically
challenging.12 Recently, Mahanthappa et al. showed that the dispersity of polymers significantly
influences the morphology.13,14 Bicontinuous microphase separation can be easily achieved by
introducing polydispersity to an ABA triblock copolymer.15 Another method to form bicontinuous
phases was reported by Hillmyer et al., using polymerization-induced phase separation with in situ
block copolymer formation. From a mixture of multifunctional monomers and a polymer
containing a terminal chain transfer agent, microphase separation of the mixture into continuous
domains of the polymer, and the emergent crosslinked polymer was obtained. This approach is
shown in Figure 6.4.16 It would be promising if additional IPNs could be prepared to evaluate their
utility for use as transport membranes.

Figure 6.4 Schematic depiction of controlled polymerization-induced microphase
separation process.16
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Microporous materials are another promising approach for transport. Xu et al. reported that
a polymer with high intrinsic microporosity of the charged polymer matrix exhibited the highest
ionic conductivity measured to date.17 They explained this observation by the fact that the freevolume voids between the polymer chains were occupied by water molecules to provide a spongelike structure, which facilitated rapid anion transport.

Figure 6.5 High intrinsic microporosity of the charged polymer matrix17

Membranes technology is still far from mature. Many great innovations can be made in
this field, including the discovery of new membrane chemistry and new methods for membrane
fabrication. The findings presented in this dissertation help advance the previously objectives.
Continued investigations will develop novel membranes that will allow for new applications and
lower cost of operation. The future of membrane science and applications holds tremendous
promise.

6.3 References
(1) Tsai, T. H.; Ertem, S. P.; Maes, A. M.; Seifert, S.; Herring, A. M.; Coughlin, E. B. Thermally
Cross-Linked Anion Exchange Membranes from Solvent Processable Isoprene Containing
Ionomers Macromolecules 2015, 48, 655-662.

176

(2) Yang, C.; Liu, L.; Han, X.; Huang, Z.; Dong, J.; Li, N. Highly anion conductive, alkyl-chaingrafted copolymers as anion exchange membranes for operable alkaline H2/O2 fuel cells J. Mater.
Chem. A 2017, 5, 10301-10310.
(3) Wang, J. L.; Chen, Y.; Wei, Q.; Yang, S. Z.; Fang, H. G.; Wei, H. B.; Ding, Y. S.
Adamantammonium as a novel functional group for anion exchange membranes with excellent
comprehensive performances Polymer 2017, 112, 288-296.
(4)
Womble, C. T.; Coates, G. W.; Matyjaszewski, K.; Noonan, K. J. T.
Tetrakis(dialkylamino)phosphonium Polyelectrolytes Prepared by Reversible AdditionFragmentation Chain Transfer Polymerization Acs Macro Letters 2016, 5, 253-257.
(5) Han, J. J.; Zhu, L.; Pan, J.; Zimudzi, T. J.; Wang, Y.; Peng, Y. Q.; Hickner, M. A.; Zhuang, L.
Elastic Long-Chain Multication Cross-Linked Anion Exchange Membranes Macromolecules
2017, 50, 3323-3332.
(6) Yang, Y.; Sun, N.; Sun, P. P.; Zheng, L. Q. Effect of the bis-imidazolium-based poly(ionic
liquid) on the microstructure and the properties of AAEMs based on polyvinyl alcohol Rsc
Advances 2016, 6, 25311-25318.
(7) Yang, Z. J.; Liu, Y. Z.; Guo, R.; Hou, J. Q.; Wu, L.; Xu, T. W. Highly hydroxide conductive
ionomers with fullerene functionalities Chemical communications 2016, 52, 2788-2791.
(8) Kwasny, M. T.; Tew, G. N. Expanding metal cation options in polymeric anion exchange
membranes J. Mater. Chem. A 2017, 5, 1400-1405.
(9) Alberti, G.; Casciola, M. Composite membranes for medium-temperature PEM fuel cells
Annual Review Of Materials Research 2003, 33, 129-154.
(10) Chakrabarty, D. Interpenetrating polymer networks: Engineering properties and morphology
Polymer Gels And Networks 1998, 6, 191-204.
(11) Yang, Z. J.; Hou, J. Q.; Wang, X. Y.; Wu, L.; Xu, T. W. Highly Water Resistant Anion
Exchange Membrane for Fuel Cells Macromolecular rapid communications 2015, 36, 1362-1367.
(12) Bates, F. S.; Fredrickson, G. H. Block copolymers - Designer soft materials Physics Today
1999, 52, 32-38.
177

(13) Schmitt, A. K.; Mahanthappa, M. K. Characteristics of Lamellar Mesophases in Strongly
Segregated Broad Dispersity ABA Triblock Copolymers Macromolecules 2014, 47, 4346-4356.
(14) Schmitt, A. L.; Mahanthappa, M. K. Polydispersity-driven shift in the lamellar mesophase
composition window of PEO-PB-PEO triblock copolymers Soft Matter 2012, 8, 2294-2303.
(15) Widin, J. M.; Schmitt, A. K.; Im, K.; Schmitt, A. L.; Mahanthappa, M. K. PolydispersityInduced Stabilization of a Disordered Bicontinuous Morphology in ABA Triblock Copolymers
Macromolecules 2010, 43, 7913-7915.
(16) Seo, M.; Hillmyer, M. A. Reticulated Nanoporous Polymers by Controlled PolymerizationInduced Microphase Separation Science 2012, 336, 1422-1425.
(17) Yang, Z. J.; Guo, R.; Malpass-Evans, R.; Carta, M.; McKeown, N. B.; Guiver, M. D.; Wu,
L.; Xu, T. W. Highly Conductive Anion-Exchange Membranes from Microporous Troger's Base
Polymers Angewandte Chemie-International Edition 2016, 55, 11499-11502.

178

APPENDIX A
SYNTHESIS AND CHARACTERIZATION OF SUBSTITUTED COBALTOCENIUM
CATIONS

Synthesis of methyl cobaltocenium

Cobaltocenium hexafluorophosphate (1.50 g, 4.49 mmol) was added into a 100 mL dry
Schlenk flask followed by applying vacuum and refilling with nitrogen three times. After adding
30 mL of anhydrous THF, the Schlenk flask was cooled to 0 oC. Methyllithium (1.6 M in dibutyl
ether solution, 2.81 mL, 4.50 mmol) was added slowly into the Schlenk flask. The yellow
suspension turned into a dark red solution. The reaction mixture was stirred for 2 h at 0 oC and
then the solvent was evaporated. The reaction mixture was dissolved in DCM (40 ml) and then
triphenylcarbenium hexafluorophosphate (2.09 g, 5.40 mmol) was added. Upon addition, the
reaction mixture turned dark purple. After stirring at room temperature for 20 min, the reaction
mixture was poured into 60 ml of water and the organic fraction was extracted with water three
times (3 x 60 mL portions) to remove residual cobaltocenium hexafluorophosphate. Finally, the
organic layer was dried with MgSO4, filtered through Celite and evaporated. The residue was
dissolved in 30 ml of DCM. The brown powder was precipitated by adding 200 ml of ethyl ether.
The precipitation was repeated three times. The yellow-brown power (908 mg, yield 58.1%) was
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obtained. 1H NMR (500 MHz, (CD3)2CO, δ, ppm): 5.87 – 5.72 (m, 9H), 2.23 (s, 3H). 13C NMR
(125 MHz, (CD3)2CO, ppm): δ 104.81, 85.28, 84.73, 83.62, 12.91. Mass spectrum (ESI) calculated
for C11H12Co+ (M+) 203.02 (m/z), found 203.08 (m/z).

Synthesis of dimethyl cobaltocenium

Cobalt(II) bromide (31.0g 0.141 mol) was dissolved in 50 mL dry pyrrolidine. Methyl
cyclopentadiene (62.9g, 0.777 mol) was then injected. The mixture was stirred under room
temperature overnight, then poured into hot water. Blackish solution was extracted with diethyl
ether, then clarified by active carbon. Afforded yellow aqueous solution was dropped into sodium
hexafluorophosphate (19.1 g, 0.110 mol) to yield yellow precipitation. After washing with
deionized water, the yellow power was obtained. 1H NMR (300 MHz, (CD3)2CO, δ, ppm) 5.85 –
5.72 (m, 8H), 2.23 (s, 6H).

Synthesis of toluenyl cobaltocenium

Cobaltocenium hexafluorophosphate (0.800 g, 2.39 mmol) was added into a 100 mL dry
Schlenk flask followed by applying vacuum and refilling with nitrogen three times. After adding
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60 mL of anhydrous THF, the Schlenk flask was cooled to 0 oC. Toluenyl lithium was prepared by
lithium-halogen exchange of toluenyl lithium by n-butyllithium, and was added slowly into the
Schlenk flask. The yellow suspension turned into a dark red solution. The reaction mixture was
stirred for 2 h at 0 oC and then the solvent was evaporated. The reaction mixture was dissolved in
DCM (40 mL) and then triphenylcarbenium hexafluorophosphate (1.02 g, 2.63 mmol) was added.
Upon addition, the reaction mixture turned dark purple. After stirring at room temperature for 20
min, the reaction mixture was poured into 60 mL of water and the organic fraction was extracted
with water three times (3 x 60 mL portions) to remove residual cobaltocenium
hexafluorophosphate. Finally, the organic layer was dried with MgSO4, filtered through Celite and
evaporated. The residue was dissolved in 30 mL of DCM. The brown powder was precipitated by
adding 200 mL of ethyl ether. The precipitation was repeated three times. The yellow-brown crystal
(562 mg, yield 57.2%) was obtained by recrystallization from 30 mL of DCM solution via gasphase diffusion with diethyl ether. For m-toluenyl cobaltocenium hexafluorophosphate, 1H NMR
(500 MHz, MeOD, ppm): δ 7.80 – 7.58 (m, 2H), 7.45 – 7.27 (m, 2H), 6.46 – 6.26 (t, 2H), 5.99 –
5.86 (t, 2H), 5.62 (s, 5H), 2.46 (s, 3H). 13C NMR (126 MHz, MeOD, ppm) δ 139.46 (s), 131.18
(s), 129.53 (s), 129.21 (s), 127.78 (s), 124.50 (s), 105.21 (s), 85.50 (s), 84.29 (s), 80.51 (s), 19.91
(s). ESI-MS: chemical formula: C17H16CoPF6, cation: C17H16Co+ calculated M+= 279.0588(m/z),
observed M+ = 279.0864(m/z). For p-toluenyl cobaltocenium hexafluorophosphate, 1H NMR (500
MHz, MeOD, ppm): δ 7.75 (d, J = 8.2 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 6.38 (t, J = 2.0 Hz, 1H),
5.90 (t, J = 2.0 Hz, 1H), 5.60 (s, 2H), 2.40 (s, 1H). 13C NMR (126 MHz, MeOD, ppm): δ 141.15
(s), 129.96 (s), 127.27 (s), 126.60 (s), 105.39 (s), 85.45 (s), 84.21 (s), 80.14 (s), 20.04 (s). ESI-MS:
chemical formula: C17H16CoPF6, cation: C17H16Co+ calculated M+= 279.0588(m/z), observed M+
= 279.0888(m/z)
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Synthesis of bis-t-butyl cobaltocenium hexafluorophosphate

Methyl lithium solution was mixed with dimethyl fulvene in THF solution at 0 oC for 2 h.
The yellow color disappeared instantly upon lithium reagent addition, indicating the dimethyl
fulvene reacted with cyclopentadienyl. Lithium cyclopentadienyl reacted directly with CoCl 2,
generating cobaltocene, and was oxidized into cobaltocenium by hot water afterwards. The
aqueous solution was extracted by diethyl ether to remove organic byproduct, and dropped in to
NaPF6. bis-t-butyl cobaltocenium hexafluorophosphate was obtained as light yellow powder. 1H
NMR (500 MHz, MeOD, ppm): δ 5.85 – 5.72 (m, 8H), 1.35 (s, 18H). 13C NMR (126 MHz, MeOD)
δ 121.10 (s), 82.82 (s), 80.73 (s), 30.80 (s), 29.66 (s).

Synthesis of norbornene methylene cobaltocenium hexafluorophosphate

Lithium-halogen exchange of norbornene methyl bromide (2.80 g, 15.0 mmol) was
completed by using excessive lithium (0.629 g, 89.9 mmol) at -50 oC in 20 mL distilled THF. After
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6 h, obtained norbornene methyl lithium solution was transferred to a cobaltocenium
hexafluorophosphate THF solution (2.57 g in 40 mL THF). The flask was slowly warmed up to
room temperature and stirred for another 1h. The solvent was then evaporated and the muddy
product was directly dissolved in hexane and chromatographed on basic alumina (activity III) with
hexane to afford Co(I) precursor as dark red solid (1.79 g, 78.8% yield). Co(I) precursor (1.79 g,
6.07 mmol) was dissolved in 70 mL freshly distilled methylene chloride. Triphenylcarbenium
hexafluorophosphate (3.06 g, 7.90 mmol) was added directly as a solid. The mixture immediately
turned yellow and was stirred at 20 oC for 15 min, then extracted by the addition of 100 mL water.
The product in the organic phase was precipitated by adding 500 mL toluene and 200mL diethyl
ether to yield yellow powder-like small crystal. The crystal was dissolved in 60 mL methylene
chloride and added 500mL diethyl ether to purify again. The product was dried under vacuum to
obtain yellow powder with a yield of 59.3% (2.06 g, 3.60 mmol). 1H NMR (500 MHz, Acetone,
ppm): δ 6.23 (dd, J = 5.7, 3.0 Hz, 1H), 6.06 (dd, J = 5.5, 2.9 Hz, 1H), 5.89 (s, 2H), 5.87 (s, 3H),
5.85 (d, J = 1.8 Hz, 2H), 2.80 (s, 1H), 2.71 (s, 1H), 2.42 (qd, J = 14.1, 7.8 Hz, 2H), 2.27 (dtd, J =
11.9, 7.9, 3.9 Hz, 1H), 1.91 (ddd, J = 15.2, 8.3, 3.9 Hz, 1H), 1.38 (dd, J = 8.2, 1.9 Hz, 1H), 1.25
(d, J = 8.2 Hz, 1H), 0.63 (ddd, J = 11.4, 4.0, 2.8 Hz, 1H).

Synthesis of cyclooctadiene phenylene cobaltocenium hexafluorophosphate
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To 1-bromo-4-iodobenzene (6.90 g, 24.4 mmol) and PdCl2(PPh3)2 (172.9 mg, 0.244 mmol)
in 10 mL DMF, was added cyclooctadiene (8.11 g, 75.1 mmol), Et3N (7.99 g, 78.9 mmol), and
formic acid (2.36 g, 51.3 mmol). The reaction flask was then heated to 90 oC for 48 houra. The
solution was transferred to a separatory funnel, then extracted with 50 mL 10% HCl aqueous
solution and 50 mL hexane. The organic phase was extracted two times with 50 mL 10% HCl
aqueous solution, and the combined aqueous layers washed twice with 50 mL hexane. The
combined organic layers were dried with MgSO4 and then filtered through a silica pad with hexane.
Evaporation of the residual solvent afforded the product (1.54 g, 24%) as a colorless oil.
This precursor (1.34 g, 5.07 mmol) was degassed by three cycles of freeze-pump-thaw then
dissolved in 50 ml freshly distilled oxygen free THF. The solution was cooled down to -78 oC then
n-butyllithium (2 mL, 2.5 M in hexane, 5.0 mmol) was slowly injected. The mixture was stirred
for 1 hours at -78 oC then cannulated onto cobaltocenium hexafluorophosphate (1.70 g, 5.1 mmol)
under N2. The flask was slowly warmed up to room temperature and stirred for another 1h. The
solvent was then evaporated and the muddy product was directly dissolved in hexane and
chromatographed on basic alumina (activity III) with hexane to afford Co(I) precursor as red
viscous liquid (1.40 g, 74.0% yield).
Co(I) precursor (1.40 g, 3.70 mmol) was dissolved in 50 mL freshly distilled methylene
chloride. Triphenylcarbenium hexafluorophosphate (1.75 g, 4.51 mmol) was added directly as a
solid. The mixture immediately turned yellow and was stirred at 20 oC for 15 min, then extracted
by the addition of 100 mL water. The product in the organic phase was precipitated by adding 500
mL toluene and 200mL diethyl ether to yield yellow powder-like small crystal. The crystal was
dissolved in 60 mL methylene chloride and added 500mL diethyl ether to purify again. The product
was dried under vacuum to obtain yellow powder with a yield of 78.9% (1.51 g, 2.92 mmol).
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Interestingly, this monomer cannot be polymerized by Grubbs catalyst. C-H 2D-NMR is shown
below.
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Synthesis of cyclooctene phenyl cobaltocenium hexafluorophosphate ether

4-bromophenol (3.00 g, 17.3 mmol), potassium iodide (0.30 g, 1.7 mmol), potassium
carbonate (2.63 g, 19.0 mmol), cesium carbonate (1.00 g, 3.06 mmol) and 5-bromocycloocetene
(6.54 g, 35.0 mmol) were dissolved in 20 mL DMF. The reaction was under nitrogen at 80 oC for
108 hours. Product mixtures were extract by diethyl ether and potassium hydroxide aqueous
solution, then the organic phase was washed by water for three times, and concentrated. The
viscous liquid was purified by column chromatography, afforded colorless oil (0.792g, 2.82
mmol), with 16.3% yield.
This precursor (0.792 g, 2.82 mmol) was degassed by three cycles of freeze-pump-thaw
then dissolved in 50 ml freshly distilled oxygen free THF. The solution was cooled down to -78
o

C then n-butyllithium (1.1 mL, 2.5 M in hexane, 2.7 mmol) was slowly injected. The mixture was

stirred for 1 hours at -78 oC then cannulated onto cobaltocenium hexafluorophosphate (1.0 g, 3.0
mmol) under N2. The flask was slowly warmed up to room temperature and stirred for another 1h.
The solvent was then evaporated and the muddy product was directly dissolved in hexane and
chromatographed on basic alumina (activity III) with hexane to afford Co(I) precursor as red solid.
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Co(I) precursor (0.620 g, 1.59 mmol) was dissolved in 30 mL freshly distilled methylene
chloride. Triphenylcarbenium hexafluorophosphate (1.25 g, 3.22 mmol) was added directly as a
solid. The mixture immediately turned yellow and was stirred at 20 oC for 15 min, then extracted
by the addition of 100 mL water. The product in the organic phase was precipitated by 200mL
diethyl ether to yield yellow powder-like small crystal. The crystal was dissolved in 30 mL
methylene chloride and added 200mL diethyl ether to purify again. The product was dried under
vacuum to obtain yellow powder with a yield of 69% (0.590 g, 1.10 mmol). 1H NMR (500 MHz,
CD2Cl2, ppm): δ 7.61 (dd, J = 9.3, 2.5 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 6.16 – 6.00 (m, 2H), 5.86
– 5.63 (m, 4H), 5.47 (s, 4H), 4.42 (td, J = 9.1, 4.3 Hz, 1H), 2.56 – 2.39 (m, 1H), 2.34 – 1.67 (m,
8H), 1.67 – 1.56 (m, 1H). 13C NMR (126 MHz, CD2Cl2, ppm): δ 160.38 (s), 129.91 (s), 129.75 (s),
128.97 (s), 116.70 (s), 85.42 (s), 84.09 (s), 79.11 (s), 78.60 (s), 53.86 (s), 53.65 (s), 53.43 (s), 53.21
(s), 53.00 (s), 34.21 (s), 33.15 (s), 25.69 (s), 25.16 (s), 22.09 (s).
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APPENDIX B:
CHARACTERIZATION OF COMPOUNDS IN CHAPTER 4

DSC of PNBdBn

DSC of PNBdBn-b-PNPCCl
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DLS plot for size distribution of B1.75 and R1.75 in water
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APPENDIX C
CHARACTERIZATION OF COMPOUNDS IN CHAPTER 5

1H

NMR characterization of (Z)-1,4-bis(4-hydroxymethylphenoxy)but-2-ene in

DMSO-d6
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1H

NMR characterization of (Z)-1,4-bis(4-methylbromophenoxy)but-2-ene in DCM-

d2

1H

NMR of (Z)-1,4-bis(4-(ethyl xanthate methyl)phenoxy)but-2-ene in DCM-d2
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13C

NMR of (Z)-1,4-bis(4-(ethyl xanthate methyl)phenoxy)but-2-ene in CDCl3

Mass spectrum of (Z)-1,4-bis(4-(ethyl xanthate methyl)phenoxy)but-2-ene
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1H

NMR of dixanthate functionalized poly(cyclooctene)

GPC of dixanthate functionalized poly(cyclooctene).
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13C

NMR of PVAc-b-PBD-b-PVAc triblock copolymer

TGA trace of PVOH-b-PBD-b-PVOH triblock copolymer under N2.
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DSC trace of PVOH-b-PBD-b-PVOH triblock copolymer under N2.
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